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Dynamic Interaction Fields in a 


Two-Dimensional Lattice* 
R. E. COLLIN}, MEMBER, IRE, AND W. H. EGGIMANNT 


Summary—In the theory of artificial dielectrics and aperture 
coupling in rectangular waveguides, a knowledge of the dynamic in- 
teraction fields is required in order to evaluate the polarizing fields. 
This paper presents suitable methods for evaluating the dynamic in- 
teraction fields in a two-dimensional lattice. Both electric and mag- 
netic dipoles are considered. The results are presented in closed 
form apart from correction terms involving rapidly converging series. 
Cross-polarization interaction constants are also evaluated. ~ 


INTRODUCTION 


are encountered in the field of artificial dielectric 

media, aperture coupling in rectangular wave- 
guides, and elsewhere. Fig. 1(a) illustrates a disk-type 
artificial dielectric. Each plane array of disks may be 
represented as an equivalent shunt susceptance B which 
loads a transmission line periodically along the z direc- 
tion. Fig. 1(b) illustrates an aperture in a transverse wall 
in a rectangular guide, together with the images of the 
aperture in the guide walls. The shunt susceptance of 
planar arrays of the above type disks or apertures is 
usually determined by using the small aperture*theory 
of Bethe (or its dual for the obstacle problem).! In this 
theory, each obstacle or aperture is replaced by an 
equivalent set of electric and magnetic dipoles, with 
moments given by the product of the incident field and 
a suitable polarizability constant which is dependent on 
the obstacle geometry only.” A limitation of the simple 
theory is that the obstacle size must be small and the 
spacing must be large, so that interaction between 
neighboring elements can be neglected. 

In practice, it is usually desirable to employ such ele- 
ment spacings that the mutual interaction cannot be 
neglected. In such cases, the effective polarizing fields 
are the sum of the incident field and the field radiated by 
the induced dipoles in all the neighboring elements. For 
sufficiently small element spacing, the interaction field 
may be approximated by a static field. The evaluation 
of the interaction constant for a static interaction field 
has been carried out by Brown.? In this paper, suitable 


“Seine periodic lattice structures 


_ * Received by the PGMTT, October 8, 1960. The work reported 
in this paper was sponsored by AF Cambridge Res. Ctr. under con- 
tract AF 19(604)3887 and is based on Sci. Rept. No. 12 issued under 
this contract. 

+ Case Inst. Tech., Cleveland, Ohio. 

1H. A. Bethe, “Theory of diffraction by small holes,” Phys. Rev., 
vol. 66, pp. 163-182; February, 1944. 

7 A. A. Oliner, “Equivalent circuits for small symmetrical longi- 
tudinal apertures and obstacles,” IRE Trans. on Microwave 
THEORY AND TECHNIQUES, vol. MTT-8, pp. 72-80; January, 1960. 

3 J. Brown and W, Jackson, “The relative permittivity of tetrag- 
onal arrays of perfectly conducting thin disks,” Proc. IEE, vol. 
102, Pt. B, pp. 37-42; January, 1955. 
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Fig. 1—Periodic arrays of similar elements. 


methods for evaluating the dynamic interaction field in 
closed form will be presented, and a restricted problem | 
will be analyzed in detail. However, it should be noted 
that the methods of summing the series involved may be 
applied without difficulty to a general two-dimensional 


lattice with a field incident at any arbitrary angle. 


AN ARRAY OF CIRCULAR DIskKs 


Fig. 2 illustrates a two-dimensional array of circular 
conducting disks such as is encountered in the field of 
artificial dielectric media. The spacing between disks is 
a along the x axis and 0 along the y axis. A perpendicu- 
lar polarized TEM wave is assumed incident at an angle 
6;, relative to the zg axis, in the xz plane. The incident 


field is 
jee = Ee — alts 


(1a) 


h 
Haws = H, See oe VY pkine 


0 


(1b) 


where h=p sin 0;, [o=jko cos 0:, Yo= (€o/mo)*/?. In (1) 
the x component of the magnetic field has not been writ- 
ten down. This incident field induces y-directed electric 
dipoles of moment P in each disk, as well as g-directed 
magnetic dipoles of moment M in each disk. In view of 
the nature of the incident field, the induced moment in 
the disk at x=ma has a phase e~?*™@ relative to the 
dipole located at x=0. The effective fields acting to 
polarize each disk are the sum of the incident fields plus 
the interaction field due to the fields radiated (scattered) 
by all of the neighboring disks. The interaction fields are 
proportional to the dipole strengths, and hence also 
proportional to the amplitude of the incident field. 
The y-directed dipole moment P of each neighboring 
disk produces a y-directed electric interaction field E;, 
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Fig. 2—Two-dimensional array of circular disks. 
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and a z-directed magnetic interaction field H;, at the 
center of the disk, at the origin. Similarly, a z-directed 
magnetic dipole M in each neighboring disk produces a 
_ #-directed magnetic interaction field H,;, and a y- 
directed electric interaction field E;,, at the center of 
the disk at the origin. In addition, x- and y-directed 
magnetic interaction fields and x- and g-directed electric 
interaction fields are produced in general. This results in 
_ additional dipole moments in each obstacle. These cross- 
polarized dipole moments are small, however, since they 
are produced by the interaction fields only and do not 
have a contribution from the incident field. In most 
practical cases, these additional dipole moments may 
be neglected. The fact that they are present to some 
extent shows that even an array of isotropic particles 
in a cubical lattice structure will have anisotropic prop- 
erties (structural anisotropy).* 
In view of the linear relationship between the quanti- 
ties involved, it is possible to write 
‘ Bie 
Cee — + CemZoM, (2a) 


€0 


E; = Ese = tA = 


Jz 
EE Hee + Him = CmeYo — + CumM, (2b) 


€0 


where the interaction constants Cee, Cem, Cme and Cinm 
are constants defined by these equations. The intrinsic 
impedance Zo = (uo/€o)'/? and its reciprocal Yo is intro- 
duced in order to make Cem and Cm, have the dimensions 
of meters’. The total y-directed electric interaction 
field is E;, while H; is the total z-directed magnetic inter- 
action field. The effective field acting to polarize each 
disk is the sum of the incident field plus the total inter- 
action field. 

The electric dipole moment induced in the disk in the 
y direction is given by 
oeto| Eine + Exe + Eim| 


= Ae€o Mine + uO ae + ateC em(moeo) /?M. 


I 


F 
(4a) 


Similarly, the magnetic dipole moment induced in the zg 
direction is found to be i 


47. A. Kaprielian, “Anisotropic effects in geometrically isotropic 
lattices,” J. Appl. Phys., vol. 29, pp. 1052-1063; July, 1958. 
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M = On eine ae Om Cram a3 RA OPA (1H Ia) red ces (4b) 


where a, and a, are the electric and magnetic polar- 
izabilities of the disk, respectively. Solving for P and M 
gives 


a (1 a mn Crm) lee ane =e QO eoCremZ oll ime 
(1 eee) ll a= Cin Gm) 5 Cu BrAC TAC we 
(1 a ees) Omi ine = ein Cine Vinee 


M = . 5b 
(1 7 CLG Nal ca Ci Carn) > ue Olin Chern Gane ( ) 


) (5a) 


In practice, the terms a@¢Com, QmCme, ANd Cem are small 
so that (Sa) and (5b) reduce approximately to the more 
familiar expressions 


Ae€oline 
pe Baie (6a) 
1 — aCe 
Qin liane 
ni (6b) 
1 — amCmm 


These results are equivalent to a neglect of the inter- 
action between the electric and magnetic dipoles. The 
analysis to follow will give expressions for the inter- 
detion constants Cin Ca anda, m| seen lo mar 
and (40) ]. 


DERIVATION OF INTERACTION CONSTANTS 


-Consider an infinite two-dimensional array of mag- 
netic dipoles Ma, with a relative phase e~””2 along the 
x axis. From symmetry considerations, the scattered 
field is such that conducting planes can be inserted into 
the lattice at y= +0/2 as in Fig. 2. 

The field scattered by a single z-directed magnetic 
dipole, located at the origin, will be determined first. 
This field may be found from a magnetic Hertzian po- 
tential II,’ as follows: 


Pe oc ea (7a) 
H = kyll,’a, + VV-adl,, (7b) 

where 
Ay + kell,’ = — Méd(x)6(y)6(z), (8) 


and 6(x), etc., is the unit impulse function. Since E, 
must vanish at y= +0/2, a suitable form for II,’ is 


I,’ = >) fa(r) cos 2nry/b, (9) 
n=0 
where f,(7) is a suitable function of r=(x?+27)1/2 to be 


determined. Substituting (9) into (8), multiplying both 
sides by cos 2umy/b, and integrating over —b/2 <y<b/2 


gives 
i @ Ole 2nt\? €0n 
= Yt di + E a, (=*) |p = hi — Mé(r), (10) 
r Oy Or b b 


where 6(r)=6(x)6(z) and €9.=1; m=0 and €),=2 for 
n>0O. The solution to (10) which is bounded as r> is 
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fr(r) =anKo(ynr) where Ko is the modified Bessel func- 
tion of the second kind, and yn2=(2nm/b)?—ko?. As 
r—0 the solution must have a logarithmic singularity of 
strength —€9,M/2rbInr and since Ko(ynr)>—Inr as 
r—0 the coefficient a, is given by 


(11) 
Hence, the potential due to a single dipole is 


M (o’o} 
ine! = nb | Kol jan + a Ko(¥nr) cos 2nay/, (12) 


T n=1 


since Yo=jko. The Bessel function Ko with imaginary 
argument is proportional to the Hankel function 
H?(Ror). 

For dipoles at x=ma, m= +1, +2, ---', and having 
a relative phase exp (—jhma), the required potential is 
readily obtained by using (12) and is 


ETP aoe Pie ee 
ee al Do! ema K (jkov/2? + (ma — x)?) (13) 
Tv 


m=—o 


+2 0’ DY e-ihma cos (2Qnry/b) Ko(ynW/ 2? + (ma — x)?)]. 


m=—o n=l 


The prime means omission of the term m=0. The double 
series converges very rapidly, since 0 is limited to be less 
than a half wavelength; hence, y, is real for »>0 and 
Ky decays rapidly. The single series will be transformed 
to a more rapidly converging form by an application of 
the Poisson summation formula. 

Consider the series 


> So(ma) = Dd) Koljkowz? + (ma)?). 


mM=—o 


(14) 


m=—o 


To apply the Poisson summation formula, the following 
Fourier transform is required 


f eK o(pkov/2? + u*)du 


exp — | 2| Va? — bi? 
= TT . 


—— 15 
V/w? cap ky? ( ) 
According to the Poisson summation formula 
ic) 1 ive) 
d. So(ma) = — D> g(2mmn/a), (16) 
m>=— a m=—0 


where g(w) is the Fourier transform of So(w). Thus, (14) 
becomes 


D> Ko(jkow2? + (ma)?) 


m=—o 


BE | «| VQmm/a)® = ho? 


VJ (2mr/a)? — ko? “0 
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Multiplying each term in (14) by e~”"* replaces (2m1/a) 
by (2mr/a)+h in the transformed series. Replacing 
(ma) in (14) by (ma—x) is equivalent to multiplying 
each term in the transformed series by e~??"7*/¢, With 
the aid of these operational formulas, it is found that 


S e~ihma K o| jkov/2? + (ma — x)?| 


mM=—owo 
i) 
= e the Sy e-ih(ma—«) K | jRox/2? a (ma —s x)?| 
m=—o 
Ww ce) eo tml z|—72mr2z/a 
= edhe SE, ‘ (18) 
a m=—x Ig 
where 


Tn? = [(2mmr/a) + h]? — ko’. 


The potential arising from dipoles at x=ma; m= +1, 


+2, +--+, may now be expressed as 
M 1 fe) el m|2l e—i (ht 2mr /a)x 
Ila = | a 
2nd a m=—o ir 
= Ko(jko/ x? + 27) +2 yy SS (GAIT 
m=—o n=1 


-cos (2nmry/b) Ko(ynV 2? + (ma — 7 | (19) 


To obtain the potential due to all the dipoles in the 
lattice, except the dipole at the origin, the potential 
from dipoles located at y= +mb;m=1, 2, ---;x=2z=0 
must be added to (19). These dipoles are the images of 
the dipole at the origin, and the partial potential con- 
tributed by these is 


23 M > exp — jkov/x? + 27+ (mb — y)? 
. Vx? + 3? + (mb — y)? 


Il 


(20) 


Aap ee 


Consider next the field scattered from y-directed elec- 
tric dipoles of moment P and having a relative phase 
e-ihma. The scattered field may be obtained from a vec- 


tor potential A,’ with a single y component by means 
of the equations 


E= (jomoeo)—!(Rora, A y’ ++ VV-a,A,’), (21a) 

B= VXa,A,’, (21b) 
and 

V?Ay’ + ko? Ay’ = — jwpoP5(x)5(y)8(s), (21c) 


for a single dipole at the origin. The boundary condi- 
tions on A,’ are the same as those for II,’, and (21c) is 
similar to (8). Therefore, the solution for the total vector 
potential A, from all dipoles except the dipole at the 
origin is the same as the solution for IL, +I. but with 
M replaced by jwuoP. Thus, 


1961 


elle! eo) (ht 2mr /a)ax 


?. ae e 


2nb Ce ie 


m=—o n=l 


as Ko(jkow/ x? ok 3°) a 2 ai >» e_ihma 


‘cos (2nry/b) KolynvV/22 + (ma — | 


+ 


eal 


~, Xp — JRovV/x? + 22 + (mb — y)? 
‘(a Ds 3 G * (22) 


/x* + 2? + (mb — y)? 


m>=—o 


The y-directed interaction field E;, is given by 


-) ‘ 
dy? 4 


Using (22) and carrying out the operations indicated in 
' (23), placing x=y=0, and letting z tend to zero, it is 


IDs. => (jopoeo)—! (40! oL (23) 


found that 
; Ro?P T ce) e I'm | 2] 
[B= han E SS a Ko(jko | z| )| 
z—0 27€0b a m——o m 
2P 


>» Ss cos (hma)yn?K o(ynma) 


eb n=1 m=1 


P e€ fotaet ai ra) e~ jkomb 
2 E . =|. (24) 
Arey ‘ ae (mb)? bad gy mb)* 
Now 
ha ko? — h? Ie 
Ree ta E ~ - | 
2| m| x ma (2mm)? 
a 1 
2| m| x m 


Thus, the dominant part of the series 


) —I'm 
oo F é lz] 


a m=—oo Din 
is 


cof p—2|m|x|2|/a e727 lezlmia 


TT 


@ mene 2| | 2/0 —2 m 


This series is readily summed by standard methods to 
give? 


| 2| 


yr nanan 5 Sa ake 
m=1 m M fi, 
—>—In2r|z|/aasz—>0. (26) 
Also, 
lim K(jho| #|) = — (y + Info| #1 /2) 
eee 2 In bo) 2/250 27) 


5 R. E. Collin, “Field Theory of Guided Waves,” McGraw-Hill 
Book Co., Inc., New York, N. Y.; 1960. See especially Sec. A-6. 
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where y=0.577 is Euler’s constant. Thus, the logarith- 
mic singularity due to the Bessel function Ko(jko| 2) is 
cancelled by the logarithmic singularity arising from the 
dominant part of the series, 7.e. from (26). 

In (24), the first series may be written as a dominant 
series and a rapidly converging series. The series over 
(mb)~? and (mb)~? are readily summed. After summing 
these series and making use of (26) and (27), the follow- 


ing final result is obtained: 

z | “(i 4 )+ ( 1 ) 

tie = ia n Ss aa Sao PPS 
2abenL ot NS Vee 


2 1 1 a 
oe) 
- Dr RSS mr 


an: s Yn” cos (hma) K o(ynma) 


bes n=1 m=1 


kod? 


7 Rob? 12 
= a (= Rob? ar )| ma Ce ae, 
4 6 €0 


This equation determines the dynamic interaction con- 
stant C.,. The double series involving Ko converges very 
rapidly. 

Determination of the interaction constant Cyne re- 
quires evaluation of the interaction field H;. at the 
origin. This interaction field is given by 


ko*b* 
96 


(28) 


fe oA, 
ie — Mo 
: Ox 
f & 2 
= joP ae as Sy ePml zl g— 7 (ht 2mm /a)x ht tmnfo 
2xb Q m= Pipa 
m=—ao n=1 


-e7ihma %n| eg = Z | K ( a/ 2? a (ma — | 
é Le ca Ge = x)? WY n 


oe) ; e tkorm e tkorm xy 
> | =F eee 


Aq m=—0 1m Ym Vm 


juwP 


(29) 


As x and gz 


where 72=x2+2?, rm?=2?+x?+(mb—y)?. 


tend to zero, 
—- gae [-i7 s rele ene es h + 2mr/a 
z-0 2rb 


a m=—0 0 


Hee = Shue 


— 4j s Ss sin (mayo Kyama) | (30) 


n=1 m=1 


a ha il 
2| m| x 2m m3 


Now, 


age 
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and hence the dominant part of the first series in (30) is 


oe 2mm a ha* sgm 

SS e72\mrez|/a 7 
Aree Do @ | m | 1 (2mm)? 

2 ha 
+ NS” e2lmre| la 
m=—o 2 | Mm | Tv 

while the correction series is 

= Ee a ( a ha? sg "| 
Pee aed a 2 | m| tg (2m)? 


2 h ha 
= Ra 2 | m| TT é 
where sg m=1 for m>0 and —1 for m<0. The domi- 
nant part of the series vanishes, since the terms are odd 
functions of m. Thus, only the correction series and the 
double series in (30) contribute, and the final result for 
Jas. is 


wP er h 
peep 
216 a Vk —h? 
wr SO. f(h+2mr/a h— 2mr/a 
ee ( a ) 
Qa m=1 IP Ijzees, 


+4 ss Ss Yn sin (ima) Kalam) | = mee a(S) 


n=1 m=1 0 


The double series converges very rapidly and only one 
or two terms is usually required. From (2b) it is seen 
that Hie=CneYoP/e) and hence the right hand side of 
(31) when divided by YoP/€ gives the interaction con- 
StantaG ns 

The y-directed electric interaction field E;, due to the 
magnetic dipoles may be obtained from (31) by replac- 
ing P by uwoM. When this is done and (2a) is used, it is 
found that 


CoaarGie (32) 


As a final step, the interaction constant Cm must be 
found. The interaction field Him is given by 


ekg 
Hen = (40 + —), x=y=2=0, (33) 
02? 


where Il, =Ia-+TI2 and IIa is given by (19) and II.» by 
(20). The second term in (33) gives 


= ]j ee does —T'm| 2] 

0 Has ale bs : 

Ki(jko| aN 
jko| 2 


e—thma Ks (y,ma) 


oO" IL, 
02? 


+ Ro” (KG |) + 


oT) 


Pa 


ens, n=1 m=—00 
M o) = etkomb 
Qe mar L (mb)? (mb) 2 
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In order to evaluate the limiting value of this expression, 
the dominant part of the first series must be found first. 
Since 


2|m| ko’a 1 
WS emma I gia => (1) ==}, 


a | m| T m? 
the series 
7p eet 
Sy Dil 
a m=—x 
may be written as a dominant series, 


oe yy Ee 2lmzln/a pee. hsgm = 
a 


a m=—o 


ko2a | 

4| m| 
koa | 
4|m| 


plus a correction series 


foo] 


2 
aes 5 [ra — NE sem + 
a 


a m>=—co 


Tv pe ee 
= j— Vk — i 
a 


+= >)[T +0 


a m=1 


4 ko? 
fan Sethi} =|. (3539) 
a 


2m 


The dominant part of the series sums to 


(=): ey —2mr|z| /a _ is E 
2 m=1 


en 2mr|2z| la 


a = mM 
(= 2 1 ke pat | Zz 1 Zz | 
= ) : + E 2 sinh _ a] 
a) 4sinh?r|z|/a 2 a a 
Marks ert 36 
zg |2 3a" 2 ea ee So) 
since 
a? 
(sinh? r| Z| /a)-*—> — as z—0. 


2 


T 


2 
& | 


The limiting form of the Bessel function term in the first 
part of (34) is 


| Kolo z|) + 


Ki(jho| 2| 


jho| 2| 
1 F 
csp eae in -=|. 
2 2 2 ko 2 4 
as z—0. 


By adding the above to the series term (35) and (36), 
the singular terms cancel and one obtains the result 


M 1 ko? 4a Ro ko2ar 
—/ hye = fie + — ln — — a) 
2 sale. ; ye Pater tae ee 
ko? T Amar ko2a 
MR (i + Tn — —-+ | (37) 
One a 2mr 


after multiplying by M/2rb. 
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The remaining part of (34) may be summed to give 


LY cit 
SS ys Sues —aecOS (hma) Ki(y,ma) 


ab n=1 m=1 MQ 


M E ae : 
ae pen ae 


, T ko?b? 
Be (apoiae )} 
4 6 


The only part left to be evaluated to obtain H,,, is the 
term ko*II,. The evaluation of this term is similar to the 
evaluation of ko?A, given earlier. The final result for 


Ro? b? Ro*b4 


96 


(38) 


x=y=z2=0, is 
ko? M 4 

ko’, = — [-m 47457 ee 
2b Roa 2 = avVvk? — 


eps Gee ae eee af = 


+ 4° >> cos (ime) Koyama) | 


m=1 m=1 
ky’ M |- 
27d 
The field Him is given by the sum of (37), (38) and 


(39) and is equal to CnmM. Hence, the interaction con- 
stant Cnm is given by 


kob 
=f. o,f in2sin ib /2]. (39) 


re 1 \|-=+ 1 rata te ee 
2b b? 3a? 2 96 
0° 81 
-++ — In iatab (1 — cos i) | 
= 1 1 {age aes ees a 4m 
a west, 7 een nae a 


— 4k? 3 ss cos (hma) | Kolrama) _ = Kira) | 
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n=1 m=1 


_[ Rod rh? 
- i] 3 = “Saal 


a(Ro 
This completes the derivation of the dynamic field inter- 
action constants. 

When the lattice spacings a and b are small compared 
with the wavelength Xo, static field interaction con- 
stants may be used. These may be obtained by placing 
ko? equal to zero in the expressions for Cee, Cem, Cme and 
Cmm-. It is readily found that 


(40) 
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Col = = OY nk nmea/d), (Ata) 
n=1 m=1 
Cie Cree =), (41b) 
Grand re Be Fie = 
nb? 6a®b 
mee Ye 
— — >) dS — Ki(2umra/b), (41c) 


9 
ab? n=1 m=1 


where the prime denotes static interaction constants. 
The static-field case Crm’ should be symmetrical in the 
variables a and b because of the symmetry involved in 
the two-dimensional lattice structure. Although (41c) 
seems to violate this condition, it may be shown that 
Cnm’ as given by (41c) is also equal to® 


er ek bee, soy 
pb ga 
n—L m=! 


rh? 


/ 
Gaim = 


wa 


m 
$ E K(2nmra/b) | — K(Qnmxb/a) | : (42) 


a? 


CONCLUSIONS 


Suitable methods for evaluating the dynamic inter- 
action fields in a two-dimensional lattice have been 
given. The final results for a particular case have been 
presented in terms of a set of interaction constants 
whose numerical values are readily computed. Refer- 
ence to (5) shows that interaction fields will be of im- 
portance whenever the product of the element polar- 
izability and the appropriate interaction constant is not 
negligible, compared to unity. This usually implies ele- 
ments (such as disks and apertures) which are an ap- 
preciable fraction of a wavelength in size. For such ele- 
ments, the polarizabilities are not, in general, given 
very accurately by the static formulas. Full advantage 
in the use of the dynamic interaction field analysis pre- 
sented here is therefore limited to those elements for 
which higher order approximations to the polarizabili- 
ties are available. For the circular disk and aperture, 
the polarizabilities a, and a, have been evaluated up to 
and including terms in (Ror)? where 7 is the disk radius.’ 
Application of the results presented here will be dis- 
cussed in a future paper. 


6 R. E. Collin and W. Eggimann, “Evlauation of Dynamic Inter- 
action Fields in a Two Dimensional Lattice,” Case Inst. Tech., Cleve- 
land, Ohio, Sci. Rept. No. 12, issued under Contract AF 19(604)3887, 
March, 1960. 

7W. H. Eggimann, “Higher order evaluation of dipole moments 
of a small circular disk,” IRE Trans. on Microwave THEORY AND 
TECHNIQUES, vol. MTT-8, (Correspondence), p. 573; September, 
1960. 
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TEM Impedance and Cross Coupling for Small 
Circular Center Conductors in a Double 
Ridged Waveguide* 


J. E. STORER}, SENIOR MEMBER, IRE, AND T. W. THOMPSON], STUDENT MEMBER, IRE 


Summary—The even and odd mode TEM impedances and cross- 
coupling coefficient were found for two small circular center con- 
ductors in a double ridge waveguide structure. Expressions were 
found by the use of a variational approximation for the case where 
the centers of the circular conductors lie on the horizontal center line 
of the guide; the conductors were placed symmetrically about the 
vertical plane of symmetry of the guide, and the conductors were 
placed a reasonable distance from the guide and from the region be- 
tween the ridges. Results calculated from these expressions agree 
reasonably well with experimental data. 

The experimental and theoretical results tend to indicate that 
proper placement of the two conductors in a double ridge guide could 
be used as a method of transmitting three different messages inside 
a single closed waveguide. 


INTRODUCTION AND BASIC EQUATIONS 


ITH the problems of conserving weight and 

WV space in today’s aircraft and missiles, the use of 
one waveguide for several different transmission 
systems would be advantageous. Suppose we consider 
the waveguide system shown in Fig. 1. By launching 


TEM modes on conductors C; and C, and using the 
dominant waveguide mode, this system could transmit 


x Z DIRECTION OF 
f ol PROPAGATION 


pe 


p = CENTER CONDUCTOR RADIUS 


Fig. 1—Cross section of a waveguide system of two small circular 
center conductors inside a double ridge waveguide. 


* Received by the PGMTT, May 19, 1960; revised manuscript 
received, September 23, 1960. This work was sponsored by AF Cam- 
bridge Res. Ctr., Air Res. and Dev. Command, Bedford, Mass. 
under Contract No. AF 19(604)-5474. 

} Sylvania Electronic Sys., Waltham, Mass. 


three different messages instead of the one message for 
the usual application of the ridged guide. For ideal con- 
ductors (conductivity = ©) and no discontinuities in the 
guiding structures, there will be no coupling between 
the TE waveguide mode and the TEM modes. If the 
cross coupling between the TEM modes on C, and C; is 
small and the mode conversion due to discontinuities 
and imperfect conductors is small, this system would 
be a practical method of using one waveguide for three 
communication channels. This article will consider only 
the TEM even and odd mode impedances and the cross 
coupling between C, and C, for the case where the con- 
ductors C; and C, satisfy the requirements mentioned 
in the summary. 


Basic Equations 


The electric and magnetic field of the TEM modes of 
the system shown in Fig. 1 lie entirely in the transverse 
plane and are given by the following expressions: 


E = Re [—e'*“) V4(x, y)], (1a) 
1 
A= — (az x E), (1b) 
7 
where 
E = electric field vector, 
H = magnetic field vector, 
) ) 
V = 2, —— oa 
Ox oy 
and 


Re e?*#—#9 = time and space variation of a wave travel- 
ling in the positive Z direction with a 
velocity w/k. 


The unit vectors in the x, y, and g directions will be 
noted by az, ay, and a., respectively. The quantity 7 is 
the characteristic impedance of uniform plane waves in 
the dielectric which fills the guide. 


is ee 


(1c) 


where 


u=permeability of the dielectric filling the guide, 
e= dielectric constant of the dielectric filling the guide. 
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Also, the potential function (x, y) satisfies the two- 
dimensional Laplacian equation, 


; 32 02 
ee) = ( + =) pao 6) 


Ox? 


The current in the center conductors will be given by 
1. It will be assumed that the current distribution varies 
angularly over the surface of the conductor. Thus, 


i= Re [e907 @)]a., 


where @ is shown in Fig. 1. 
The impedance of one wire to ground will be defined 


as 
wall 
{ E-ds 
eonductor 
—— ; 3 
1:-dA (3) 
conductor 
surface 
where 
ds = dxa, + dyay,, 
dA = pdéa.. 


The coupling coefficient will be given by C and will be 
defined as 


TRO == Sha 


C= 
GR = Sf2 


(4) 


The superscripts e and o denote the even and odd modes, 
respectively. If no superscript appears, then the equa- 
tion will be considered to be applicable to either mode 
(with suitable modifications). For the even mode, at 
any transverse plane, conductors C; and C, will be raised 
to the same potential with respect to the outer con- 
ductor. The current flow in C; and C, will be equal and 
in the same direction. For the odd mode, at any trans- 
verse plane, conductors C; and C; will be raised to oppo- 
site potentials. The resulting current flow in C; and Cy 
will be equal in magnitude and opposite in direction. 
The coupling coefficient defined by (4) has been dis- 
cussed in previous articles! for balanced transmission 
systems—thus the requirement that conductors be 
placed symmetrically about the vertical plane of sym- 
metry. 

Let us consider the region to the right of the vertical 
plane of symmetry as shown in Fig. 2. The origin of 
cartesian co-ordinate system will be taken as the center 
of the aperture. It is easily shown that potential func- 
tion d(x, y) must satisfy the following boundary condi- 


tions: 


1B. M. Oliver, “Directional electromagnetic couplers,” Proc. 
IRE, vol. 42, pp. 1686-1692; November, 1954. : a 

2 E. M. T. Jones and J. T. Bolljahn, “Coupled-strip-transmission- 
line filters and directional couplers,” IRE Trans. oN MICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-4, pp. 75-81; April, 1956. 
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M7, 
[o(a, y) le, = potential on the center conductor surface 
= Vo (5a) 
[o(a, y)le= potential on all conductor surfaces other 
thane, 0) (Sb) 
dg°(x, y)] 
ae = ((), SC 
| Ox | r=—1/2 ( 
leery) leer 0. (Sd) 
ve 2S PStK 
WAVEGUIDE : g 
MIDPLANE 
= 
y=0 y=0 
a 


Fig. 2—Cartesian co-ordinate system in the transverse plane 
with the origin (0, 0) at center of the aperture. 


Letting n; denote a unit inwardly directed normal to the 
conductor surface and the subscript C; denote the value 
of the quantities at the surface of Ci, we can write the 
following boundary condition for the magnetic field at 
the surface of Ci: 


Lope rt  ce 


Using (1a) and (1b) and noting that the transverse cur- 
rent distribution is dependent only upon 8, it can easily 
be shown from the above that 

) 


1() = -| ate, » | (5e) 


nj x,y on Cy 

It is readily apparent that this problem is not easily 
solved considering the differential equations. However, 
by considering an admittance Y defined as 1/Z and 
replacing the differential equations by integral equa- 
tions and using a variational approximation, expressions 
for Z and C can be found. Thus, considering Y, we have 


: : { i, (0) pdé 
mie erate p 
he NE 
1 2" TF Ad(x, 
ee ae) odd. (6a) 
Von 0 On; x,y on Cy 


The expression for the coupling coefficient now becomes 
yo = Ve 
Yo oe Ve 


(6b) 
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FORMULATION OF THE INTEGRAL EQUATIONS 


Let us consider a region 1 to be the rectangular area 
enclosed by the lines 


For this region, a Green’s function can be defined such 
that 


(7a) 
(7b) 


V?Gi(x, Xo, ¥, Yo) = — 6(% — x0, ¥ = Yo), 


G, = 0 on all boundaries of Region 1. 


The function G; can be thought of as the two-dimen- 
sional potential for a negative line charge located at 
Xo, Yo inside a conductor having the same boundaries 
as Region 1. The delta function in (7a) has the prop- 
erty 


ff 1 nate = 2, 9 — yo)day 


f (xo, yo) if the area integrated over includes 
= } the point %o, yo; zero if the area integrated 


over does not include the point 20, yo. 


A solution to (7a) and (7b) in terms of a Fourier series 
expansion in y is 
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if { [G:V26 — ¢V°Gi]dxdy 
Region 1’ 


Od 0G; 
sii eae 
boundary of Region 1’ On on 


where the partial derivatives are with respect to an out- 
wardly directed normal at the boundaries. The integrals 
above are reduced, noting the boundary conditions on 
¢@ and G; at the surface indicated. Thus, 


a/2 OG, Qa 
d(20,3) =f YO) =| tytn if (G:)e,F(8) po 


—a/2 Ox 
27 0G, 

<a vo f |= Cy pdé, 
J 0 on 


for —a/2 << y< + a/2. 


where 


v(y) = (0, y) 


The last term in the expression above can be shown to 
be zero by the use of Green’s second identity. Thus, for 
Region 1, . 


a/2 OG, 
$1(%0, Yo) = { ¥)| | dy 
—a/2 Ox z=0 


ee i (Cia, ed(0)pdd a 
0 


y yo\ . Ne epee A 
cos { a, =) cos { a, — ) sinh { a, =] sinh { a, —<—) 
2 h h h h 


Gi(x, vo, V, Yo) 2 oe 


n=0 


where 


On = (2n+1)z, 
X*< is the lesser of x, xo, 
X~ is the greater of x, xo. 


Let Region 1’ be Region 1 excluding the center con- 
ductor cross section. If xo, yo is supposed to lie in Region 
1’ then 


Bray f { [6.06 — 6v°Gi]axdy. 
Region 1’ 


The above integral can be reduced from an area integral 
to line integral over the boundary by the use of Green’s 
second identity. Thus 


) (7c) 


Turn now toa Region 2 which will be that area bounded 
by the lines x= —1/2, x=0, y=+a/2, and y= —a/2. 
For this region we will define a second Green’s function 
such that 


V’G2(x, X0, ¥, Yo) = — d(x — x0, ¥ — Yo) 

G.=0 fory=+a/2, (-1l/2<x«<0) 
Torw.== 0, (-—a/2<y<+a/2) 

0G2° 

pee forx=—1/2, (—a/2<y<+4a/2), 


where now xo, ¥o is supposed to lie somewhere in Region 
2. Writing Gy as a Fourier series expansion 
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G2? 


where X*, and X~ are those defined for Gi. By consider- 
ing an analysis similar to that done for Region 1, it is 
easily shown that 


a 0G2 
$2(%0, Yo) = aie vO) Ea 


By demanding that ¢; reduce to Vo on the conductor 
surface and that 0¢:/0xo and 0¢2/dx» be equal across 
the aperture (x) =0),* we obtain the following integral 
equations 


Qa 
Vo = rf | lim Go| I (6) pdé 
0 Zo,yo>C, 
2 8G 
+f vo[ =] » 
—a/2 Ox z=0 
Pig a 
a nf E Go| I (6) pdé 
0 LOx9 xo=0 


a/2 O° (aGr— 0G 
V(y) | lim ( de ) | dy. (10b) 
Ox OX! / z=0 


—a/2 z0—0 0X9 
These equations are sufficiently complicated to ex- 
clude an explicit expression for /(#). However, an ex- 
pression for Y can be found which is stationary with 
respect to ¥(y) and J(6) and a variational principle can 
be applied using this expression. 


(10a) 


_ 


VARIATIONAL APPROXIMATION 


Using (6a), (10a), and (10b) together with the sym- 
metry properties of the Green’s function, it can, be 
shown that Y can be written as 


3 It should be noted that ¢ and ¢» given by (7d) and (9) satisfy 
the boundary conditions given by (Sb), (5c) and (5d). 
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| | 
+ xs 
y NON. | 
n COS | @, — } cos{ a, — ) sinh lo — sinh (a, = =) 
g We a } a 
] ) (8a) 
dy, sinh («, ~) 
2a 
l 
ee ye 
y yo 2 xX> 
2 cos («, | cos («, *) cosh | a, Shicee sinh («, ) 
a a a a 
dy cosh («, =) 
2a 
Ve a "T0) dé 
V if 
n Qa Qa 
aiff [(Gr)e1] 20.0 cul (0) L (0) p*d0d80 
dy. (9) aed @ ; 
af [i [oa] rovooeanay, 
—a/2 0X9 xro=0 
1 al2 a/2 0 OG, 0G, 
eal eae 
nV 0" —a/27 —a/2 0X0 Ox Ox z=0 xp=0 
‘W(y)W(yo)dydyo. (11a) 


This expression can be shown to be stationary with re- 
spect to independent variations of J(@) and p(y). To 
study an amplitude invariant form, let 


oe K(6) 
ES ( 5) 
¥(y) = Wo(y). 


The expression for Y given by (11a) becomes 


DA bi To? QT ow Wo? 
Vos Ree eae eS eens (11b) 
Vo Vo? Vo Vor 
where 
Qa 
Fee {t K(6)48, 
2rd 9 


1 Qa Qa 
m= f { [Gdeideow-crK (OK (Ox)adbs, (140) 
4? J 9 O < 


meee =f Welles Go] KOWoAedsn, (14) 


a/2 ral? g (dG, OdGe 
To2 = { iE | tg 
~a/2J —a/2 0X0 \ 0x OX / 2=04 xo=0 


W(y)¥ (yo) dydyo. 


(11e) 
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The values of Jo and YW can be found by setting 0 Y/dJy 


and 0Y/d» equal to zero. The resulting values of Jo, Wo 
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Using the above-mentioned trial functions, the ex- 
pressions for R, Tu, U2, P22, become R= if 


= { Tp 2% h 
Ln In (=) = >» ? (13a) 
Qa 2h n=O ; ( -) 
G,, Sal | Gp, —= 
h 
d— bn” a 
: sinh | a, sin? { dy rs 
i Be 1 
Dy = 16( ) S (13b) 
a n=0 ( d ) 
Ox? Sioa || 0h ——= 
h 
I r h? d ; a 
4 ES («, —)| =e =) coth («. “) sin‘ | a, 
2a a? h 
[12899 (13c) 


and Y are a 
VoRT 22 
Tae ‘ (12a) 
n( Tits. i T 12) 
VoRT'xe 
Yo = 7 (12b) 
(Tro? — Tul 22) 
1 Reis. 
pO Rn sag at shee Ee (12c) 
Z n(Viile2 — M427) 


For most accurate results, the potential and current 
distributions should be studied experimentally and some 
analytic function picked to represent these distributions. 
However, in other problems of this sort, a uniform cur- 
rent distribution is usually chosen and good results ob- 
tained. This then will be our choice. We cannot say 
much about the potential distribution except 


DVO) —Vaty= 10/2; 
2) Wy) is symmetrical about y=0, 
3) W(y) is maximum at y=0. 


Note that conditions 2) and 3) presuppose that the 
circular conductors lie midway between the top and 
bottom of the ridge guide. A potential function satisfy- 
ing the above conditions is the triangular form, 


~ 
V(iy) =1-— |9|. 
a 


This form is easy to handle mathematically and yielded 
good results. Thus the trial functions should suffice as 
long as the following conditions are met: 


1) The aperture is not too large, 

2) The distance from every point on the boundary of 
Region 1 to the conductor is at least equal to the 
conductor radius, and 

3) The aperture is not a dominant influence on the 
current distribution. 


where a, = (2n+1)z. 


For the even mode, P=l*=-F1. 
For the odd mode, LT=l°= —1. 


The above series converges quickly. The evaluation of 
Ty, is shown in the Appendix. The evaluation of Ty; and 
Ty. was simplified by the fact that G; is essentially a 
potential function and its average over conductor sur- 
face is its value at center of the conductor (x=), y=0). 

From the expressions for Y*® and Y°, direct computa- 
tion of the coupling coefficient from (6b) would be diffi- 
cult and the values found probably erroneous. However, 
an expression for the difference (Y°— Y*) can be found 


and the coupling coefficient found using the second form 
of (6a). 


EVALUATION OF MODE COUPLING 


For the waveguide system shown in Fig. 1 to be used 
as a three-channel communication system, we would use 
the dominant waveguide mode and the TEM modes 
associated with conductors C,; and C:. The waveguide 
mode will be operated in a frequency range such that all 
waveguide modes except the dominant mode are below 
cutoff (if the center conductors are small and located 
away from the region between the ridges, the change in 
cutoff frequency of the dominant waveguide mode is 
less than 10 per cent*). Under ideal conditions, the TE 
and TEM are considered orthogonal® and thus they will 
propagate independently. For an actual system, there 


‘ Both experimental and theoretical results carried out by the 
authors and James D. Kellett under Contract No. AF 19(604)-5474, 
a Cambridge Res. Ctr., Air Res. and Dev. Command, Bedford, 

ass. 

* See for example, N. Maruuvitz, “Waveguide Handbook,” in 
“M.I.T. Radiation Laboratory Series,” McGraw-Hill Book Cox 
Inc., New York, N. Y., vol. 10; 1951. See especially Sec. 1.2. 
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will be discontinuities and asymmetries resulting in 
mode conversion. This conversion is difficult to handle 
mathematically and this paper will be concerned only 
with the coupling between the TEM modes for ideal 
conductors as given by (4) and (6b). Thus, the coupling 
considered in this section is only that between the TEM 
modes. 


Let us consider the following integral 


Teli [o°V?2g? — g°V°¢*|dxdy. 
region 1’+region 2 


It is readily apparent that the above integral is identi- 
cally equal to zero. However, by the use of Green’s 
second identity, the above integral reduces to 


27 0g? 0¢° 
0! = { C2 O° = |r “nde 
0 On; Ont, 
a/2 0? Op? 
ip ae 
—a/2 Ox Ox z=—1/2 


By the use of (5a), (5c), and (6a) it is easily shown 


that 
1 a/2 0g? 
Se —— f E < dy. 
nV o°V 0° J a2 OX J 2—1/2 


Substituting the form of ¢ given by (9), the previous 
equation yields 


vey) cos («. =) iy | 
Voe a 


The above series converges very quickly so that only 
the first term need be considered. Thus, 


64 | T12 | 
L 1 Tilo a Ty? 
nm sinh {| — 
a 


Ti2 


0 
* Tae ta 
Tilo. — Tis 


Since the quantity (Y°— Y*) will be a very small quan- 
tity, the sum (Y°+ Y*) can be replaced by some average 
value 2Y. This is calculated using (12c) and replacing 


T2 by I's: where 
he? “ib : (=) 
eas (<) coth («, “) Ler 


3 


Vi — ae 


(14) 


f= — 128 


m=0 


an 
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Replacing T'y:° and Ps” by Tx» in (14), the following ex- 
pression for C is obtained: 


RESULTS 


Calculations for a ridged guide having the dimensions 
given in Table | were made. The characteristic imped- 
ance of either wire is given by Zoe=+W/Z°Z*.!2 Since Z° 
and Z* are very near, Zc was calculated from (12c), re- 
placing Ix: by Tx... For most dielectrics, the permeability 
is near that of space, and the dielectric constant is given 
by 

e— €’€0, 


where 


e’=relative dielectric constant, 
€) = dielectric constant of free space. 


Thus, 7 given by (1c) becomes 1/+/e’ 1207 ohms. The 
quantity Zc~/e' is given by 

T,2? 

= ohms. 

Dy» 


The coupling coefficient was calculated using (15). 


Zee = 1207 (rs - (16) 


TUANSILNS, I 


DIMENSIONS OF TyPpE DR-19 DouBLE RIDGE WAVEGUIDE 
MANUFACTURED BY TECHNICRAFT LABORATORIES 
OF THOMASTON, CONN. 


Dimension Length in Inches 
a 0.191 
h 0.475 
d 0.3845 
l 0.256 


Since we are considering the TEM mode, the imped- 
ance given by (3) will be proportional to the dec resist- 
ance of a two-dimensional configuration having dimen- 
sions proportional to those of the actual ridged guide.® 
This is to be expected since the potential for this two- 
dimensional configuration satisfies the same Laplacian 
equation and same boundary conditions as $(x, y). The 
even and odd mode impedances were found and their 
average taken as Zoe. These values are shown in 
Fig. 3 along with the values of Zcv/’e calculated from 
(16). 


6 J. D. Kraus, “Electromagnetic,” McGraw-Hill Book Co., Inc., 
New York, N. Y.; 1953. See especially Sec. 11.5. 
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Fig. 3—Experimental and theoretical results for a double 
ridge guide having the dimensions given in Table 1. 


2 DIMENSIONAL CONFIGURATION 


Fig. 4—Two-dimensional configuration used in finding the experi- 
mental results. The cross-hatched regions denote a highly conduct- 
ing region. The experimental results shown in Figs. 3 and 5 were 
found with an electrolytic tank set-up based on the above. 


Also the coupling coefficient, given by (4), can be 
found experimentally in a similar manner. It can be 
shown that 


Z°— Z° Is 


R 
qi Saas I”) 


where J;, J2, and V are shown in Fig. 4 for the case when 
Ri=R.,=R. The coupling coefficient found experi- 
mentally by this method is shown in Fig. 5 along with 
the theoretical calculated using (15). 

As can be seen from Fig. 3 and 5, there is reasonable 
agreement between the theoretical and experimental re- 
sults. Both the theoretical and experimental results indi- 
cate that this sort of system could be used as system for 
transmitting three messages inside a single closed guide. 
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Fig. 5—Experimental and theoretical results for a double 
ridge guide having the dimensions given in Table I. 


The characteristic impedances are reasonable and the 
coupling data indicates that for all practical purposes, 
the only cross talk between channels would result from 
mode conversion due to discontinuities. 


APPENDIX 
Evaluation of Vu 


For the uniform current distribution, [yn given by 
(11c) becomes 


1 24 24 
Lies =| { [(Gi) c,] 20.40 -c,40d80. 
Ar? J 9 0 


The average of G; over the surface Ci is the value of G; 
at (0, 0). Thus, I'y becomes 


(17) 


1 2a 
Ty = —f{ [(G,) pas gen| ae On (18) 
2a Jo 


The Green’s function in the above integral can be con- 
sidered as the sum of free space Green’s functions for the 
charge at Xo, Yo and all of the images of the charge. The 
free space Green’s function for a charge located at xo, 
yo is 


1 
Gr; == i [(a — ao)? + (y — yo)2]!2. (19) 
Tv 
Thus, G; becomes 
1 
Gi(x, Xo, Y, Yo) = — sae [(x = 20)? + (y — yo)2]2/2 
Tv 
+ oe Gyo. (20) 


all images of x9,y9 
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Substituting the above in (18), —1 
Th = ane In pote > (Gra) zoe: (22) 


1 24 1 T all images of 6,0 y>0 
Tu = —{ —— In |p? cos? @ + p? sin? 6]!/2d6 
Ted 0 


2a The second term in the above is evaluated using (20) 


where x=b+e and limit is taken as € approaches zero. 


i 20 
ae —| | Se Gr. | do. (21) Therefore, 
ar 0 all img 


ages of b,0 


=r 1 
The first term is readily available. The second term is Pus ee s3 am | Guo + €, 60,0) + Fete! |. 
evaluated by replacing the integral by the field at the 
center. Thus, Gi is given by (7c). Thus, 
b d—b—e 
sinh («, ) sinh («, — 
ll : = h h 1 
Tu = —Inp+ lim} 2 >> i Inve 
or e—0 n=0 2 ( -) Qa 
@, sinh | @, — 
h 
d—b 
ean (d/h) = cosh («. ) 
—1. % h 


I 
S| 
ss) 
ale 
4 


Qa n=0 ' d 
a, sinh { a, — 
h 


co —ay, (e/h) 1 =| ~ 
he DD See ee <| | (2\) +m 


n=0 an 2a n=0 : d 
Go, Sl || Gi, —= 
h 


ad — 26 
e7an(4/h) — cosh («, —") 
h 


I 
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Design of a Coaxial Hybrid Junction’ 


L. STARKY, SENIOR MEMBER, IRE 


Summary—The design of a coaxial hybrid junction is discussed. 
The hybrid consists of a shunt junction and a series junction. The 
shunt junction is a broad-band stub compensated tee, and the series 
junction is basically a balun of the type used to excite a slotted di- 
pole. There is inherent isolation between the shunt and series ter- 
minals. The useful bandwidth of the hybrid is at least 10 per cent, 
while the bandwidth of the shunt junction alone exceeds this by a 
factor of four. 

Design data are presented for frequency bands centered at 425 
Mc and 220 Mc. Many of these hybrids have been manufactured for 
application, and the performance repeats very well. Performance data 
are given for VSWR, isolation, and peak power capacity. 


INTRODUCTION 


COAXIAL hybrid junction has been developed 
A which is suitable for VHF and UHF. The de- 

velopment was motivated by high-power an- 
tenna feed system applications including monopulse cir- 
cuits and power dividers for antenna arrays.' A simple 
analysis of the device will be given and sufficient de- 
tailed design information will be furnished to allow con- 
struction of the hybrid. 

Previous analysis and design of hybrids has been 
given by Alford and Watts,” Jones,’ and others, of which 
a comprehensive listing can be found in Jones’ paper. 

The present design is similar to one reported by Al- 
ford and Watts.” It was developed before the results of 
this excellent reference were available. The Alford and 
Watts design appears to have more bandwidth capabil- 
ity, but the design reported here is simpler and should 
satisfy many requirements where bandwidth is of the 
order of 10 per cent. 

Two designs were developed for application. The first 
junction which evolved was for operation over the band 
400-450 Mc. The shunt arm and side arms were in 34 
inch coaxial line (RG-154/U) and the series arm was in 
12 inch coaxial line (RG-153/U). Following this, a junc- 
tion was developed for another application for operation 
centered at 220 Mc. The shunt and side arms were again 
fabricated in 3% inch line and the series arm in 12 inch 
line. A photograph of the 220-Mc hybrid is shown in 
Fig. 1. The mechanical features of these hybrids show 
that the hybrids are rugged, easy to manufacture, and 


* Received by the PGMTT, July 26, 1960; revised manuscript re- 
ceived, October 17, 1960. 

+ Ground Systems Group, Hughes Aircraft Co., Fullerton, Calif. 

1L,. Stark, “A helical line scanner for beam steering a linear ar- 
ray,” IRE Trans. ON ANTENNAS AND PROPAGATION, vol. AP-5, pp. 
211-216; April, 1957. 

2A. Alford and C. B. Watts, “A wide-band coaxial hybrid,” 
1956 IRE NatrionaL CONVENTION REcORD, pt. I, pp. 171-179. 

3 E. M. T. Jones, “Wide-band strip-line magic-T,” IRE Trans. 
on Microwave THEORY AND TECHNIQUES, vol. MTT-8, pp. 160- 
168; March, 1960. 


Fig. 1—Photo of 220-Mc hybrid junction. 


they give repeatable high quality performance, as evi- 
denced in production of over 300 units for various ap- 
plications. 


ANALYSIS OF SHUNT AND SERIES JUNCTIONS 


A drawing of the hybrid is shown in Fig. 2. It consists 
of a shunt junction and a series junction; the series 
excitation is brought out from the inside of the shunt 
junction. The shunt junction is basically a stub sup- 
ported tee where the inner conductor is slotted down 
its length for a distance of approximately \/4 each side 
of the junction point with the side arms. When the shunt 
arm is excited, a wave passes to the side arms and there 
is no potential difference across the slots in the inner 
conductor. The difference excitation of the side arms is 
provided by exciting a voltage difference across the slots 
at the junction point. This is accomplished with a balun 
of the type used to excite a slotted dipole.* An inner 
conductor is placed inside the slotted conductor and is 
connected to one segment of it at the junction point. 
The inner conductor runs an additional quarter wave- 
length beyond the junction point to provide a rigid stub 
support. The balun provides an out-of-phase excitation 
to the side arms which is independent of frequency. 
Likewise, the shunt junction provides an in-phase ex- 
citation which is independent of frequency. There is, 
therefore, an inherent isolation between shunt and series 
arms provided by the geometry of the junction, as in 
the case of the waveguide magic tee. This is superior to 
the ring-type of hybrid, which is frequency sensitive. 

An ideal hybrid has no cross coupling between the 
shunt and series arms and is matched looking into the 
shunt arm and the series arm when matched loads are 
placed on all other arms. It can be proved from the scat- 


*H. J. Riblet, “Slotted Dipole Impedance Theory,” M.I.T. 
Rad. Lab., Cambridge, Mass., Rept. No. 772; November i945, 
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SECTION AA 


SLOT EACH SIDE 
OVER THIS LENGTH a 


SIDE ARM NO.| 


SHORTING 
7 POST 


ALVALLLALERT BREE 


SIDE ARM NO.2 


Fig. 2—Drawing of coaxial hybrid junction. 


tering matrix of the junction® that it will then follow 
that the side arms will be matched and isolated from 
each other. A study of the series and shunt junctions 
will show the steps necessary to provide the matched 
condition in each of these junctions and thus approach 
the ideal performance. 


STUB SUPPORT Zo} 


Shunt Junction 


The shunt junction is a stub-supported tee as shown 
in Fig. 3. The broad-band design of this type of junction 50 OHMS 
has been studied extensively.*-* A simple and effective 
method having ample bandwidth is to design the quarter- 
wave transformer and the stub support so that char- 
acteristic impedances of these line sections are the same 


50 OHMS 


QUARTER WAVE 
TRANSFORMER Zog 


5 C. G. Montgomery, “Technique of Microwave Measurements,” 
M.I.T. Rad. Lab. Ser. vol. 11, McGraw-Hill Book Co., Inc., New . 
York, N. Y., pp. 518-519; 1947. ‘ 
6V. H. Rumsy, “Design of Frequency Compensating Matching 
Sections,” Combined Res. Group, Naval Res. Lab., Washington, 
D. C., Rept. No. 89; September 1945. : ; J 
7]. Reed and G. Wheeler, “A broadband fixed coaxial power Fig. 3—Schematic drawing of stub-supported tee junction. 
divider,” 1957 IRE NATIONAL CONVENTION ReEcorD, pt. I, pp. 177- 
181. 
8G. L. Ragan, “Microwave Transmission Circuits,” M.1.T. Rad. 
Lab. Ser., vol. 9, McGraw-Hill Book Co., Inc., New York, N. Wen (ee 


516-519; 1948. 


50 OHMS 


126 


and equal to Ro/ 2, where Ry is the common impedance 
value to which all arms are to be matched, in this case 
50 ohms. The frequency sensitivity of the stub support 
then cancels the frequency sensitivity of the quarter- 
wave transformer to a first order and the junction is 
much broader band than without the stub. The theo- 
retical bandwidth is 33 per cent for a VSWR less than 
1.07.7 The characteristic impedance of the line sections 
with the slotted conductor is changed by a negligible 
amount by the presence of the slots, even though the 
slots are rather wide. That this should be so was pre- 
dicted on the basis of calculated results for a slotted 
outer conductor where the slot subtended the same an- 
gle," and this assumption was verified by measure- 
ment. The lengths of the nominal quarter-wave trans- 
former and stub support sections were determined by 
experiment so as to include the junction effect. Design 
data were taken in the 425 Mc band for 3% inch line 
and 12 inch line. By scaling, the latter data served for 
the design of a 220 Mc-junction in 3% inch line. The 
data are summarized in Table I. The characteristic im- 
pedance of these line sections is 35.35 ohms, which is 
obtained with a diameter ratio of 1.805. 


TABLE I 


TRANSFORMER AND STUB LENGTHS FOR OPTIMUM 
PERFORMANCE OF SHUNT JUNCTION 


425 Mc 220 Mc 


trans. Lgtub Joie Lgtub 


7.000 inches|7 .445 inches 
6.750 7.500 


12 inch line 


3% inch line 13.500 inches}14.350 inches 


Series Junction 


In the design of the series junction, the side arms are 
energized in series by means of a balun. The balun is 
fed at the input by a 50-ohm coaxial transmission line. 
Across the output of the balun is a stub support for the 
inner conductor. The voltage and current transforma- 
tions which occur along the balun have been investi- 
gated by Riblet.* He analyzed the balun as a three con- 
ductor system on which two TEM-modes can propagate. 
One mode has the configuration shown in Fig. 4(a), and 
the second mode has the configuration shown in Fig. 
4(b). For the first mode, the potential difference be- 
tween the two halves of the outer conductor is zero. This 
is a perturbed ordinary mode of coax. 

For the second mode, the potential of the inner con- 
ductor is half way between the potential between the 
split outer conductors and the net current on the center 
conductor is zero. The amplitudes of the mode currents 
are related to the voltages by the characteristic imped- 
ances of the modes, which are calculated in reference 10. 


§ “Reference Data for Radio Engineers,” IT&T Corp., New York, 
N. Y., 4th ed., p. 594; 1957. 

10 J. Smolarska, “Characteristic impedance of the slotted coaxial 
line,” IRE Trans. ON MicROWAVE THEORY AND TECHNIQUES, vol. 
MTT-6, pp. 161-166; April, 1958. 
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Fig. 4—Field patterns of coaxial modes. (a) First. (b) Second. 


By applying the following appropriate end conditions 
to the three-wire system, 


1) voltage between outer conductors is zero at input 
end, 

2) voltage between inner conductor and one half of 
outer conductor is zero at output end, 


3) load impedance Zz, is connected between inner 
conductor and the other half of outer conductor, 


an equivalent circuit is derived which is shown in Fig. 
5. The balun has the property of dividing the load im- 
pedance by four in transforming it from the terminals to 
the ordinary coaxial line mode. In shunt with the load 
are two parallel stubs, one due to the stub support and 
the other due to the slotted outer conductor extending 
towards the input from the junction. The Zp of the stubs 
is the characteristic impedance of the mode shown in 
Fig. 4(b), and the shunt impedance presented by the 
stubs is divided by 4. The length of each stub is the 
length of the corresponding slot measured from the 
junction. 

The characteristic impedance of the input line section 
is the Zp of Fig. 4(a), and is negligibly different from 
the impedance of ordinary coax with slot widths that 
have been used. 

The impedance presented to the balun by the side 
arms is 100 ohms. Since the balun divides the impedance 
by four, a 35.35-ohm quarter-wave transformer is used 
in the feeding coaxial section to bring the impedance to 
50 ohms. The diameter ratio of outer to inner conductor 
is thus 1.805, as in the case of the shunt junction. An 
optimum broad-band stub support for this transformer 
can be calculated as in the case of the shunt junction but 
the required value of characteristic impedance places an 
impractical value on the slot width. The equivalent stub 
should have a characteristic impedance of 35.35 ohms, 
as seen by the ordinary coaxial line mode. This would 
require that each of the parallel stubs across the balun 
have a Zp of 4X2 X35.35 = 283 ohms, which is too high 
to be achieved with this configuration. The hybrids 
which have been developed in 34 inch line have used a 
slotted conductor which is 1.60 inches mean diameter 
with slots which were 0.375 inch wide. These parameters 
gave a characteristic impedance of approximately 75 
ohms.!° The bandwidth of the series arm is thus more 
restricted than that of the shunt arm, for which an 
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optimum broad-band stub is practical. In the design of 
the series junction, the lengths of the slots and the 
quarter-wave transformer were made equal to a quarter 
wavelength at the center frequency. The junction effect 
proved to be small and therefore the impedance match 
at band center was quite favorable. 


MEASURED PERFORMANCE DATA 


Two hybrid junctions have been designed, one for the 
frequency band 400-450 Me and the second for a band 
centered around 220 Mc. A large number of these hy- 


SHORTING POST \ 
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brids have been produced for antenna feed applications. 
The electrical features of the design are essentially as 
discussed above. One additional modification has been 
introduced to lengthen electrically the stub support for 
the balun. As shown in Fig. 6, a block of teflon has been 
placed at the input end of the stub support. The physi- 
cal length of the stub is less than \/4 because the slot 
is milled in the conductor which provides the quarter- 
wave transformer for the shunt junction (cf., Table I). 


The stub support is teflon filled for a length of 1.0 inch 
for each of the designs. 


Zo = CHARACTERISTIC 
IMPEDANCE OF FIG. 4(a) 


LOAD IMPEDANCE 


Zo = Y4 X CHARACTERISTIC IMPEDANCE 
OF FIG. 4(b) 


Fig. 5—Equivalent circuit of series junction. 


IN BERIES 
JUNCTION 


PA O88-10 


TEFLON LOADING 


Fie. 6—Photo showing teflon loading in series junction. 
g. 
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Measurements of VSWR and isolation are shown in 
Figs. 7, 8, 9 and 10 for the two designs. The frequency 
independence of isolation between the shunt and series 
arms is noted. The shunt junction is very broad band 
and the series junction has a VSWR less than 1.40 over 
a 10 per cent band. The side-arm VSWR is intermediate 
between the shunt and series-arm VSWR’s. The isola- 
tion between side arms is dependent upon the match of 
the shunt and series arms and is thus frequency de- 
pendent. The isolation is greater than 20 db over a 10 
per cent band. 

The hybrids have been tested and operated under 
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high peak power conditions. The shunt junctions have 
been tested with 2.5 Mw of peak power with no arcing. 
The 220 Mc hybrid was tested at a reduced pressure of 
0.33 atmosphere and no arcing was observed at 0.5 Mw 
of power. This indicates a power capacity of 4.5 Mw 
at one atmosphere. The shunt junction appears to be 
able to handle as much power as a uniform length of 50 
ohm 3? inch line. A contributing factor to the high 
power capacity is the 35-ohm characteristic impedance 
of the line sections, which is nearly optimum for voltage 
breakdown considerations. 

The series junction of the 220-Mc hybrid was high 
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Fig. 8—Isolation between arms of 425-Mc hybrid. 
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Fig. 9—Isolation between arms of 220-Mc hybrid. 
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Fig. 1O—VSWR of 220 Mc hybrid. 


power tested at 1 atmosphere pressure and arcing oc- 
curred at 200 kw. The position of arcing was across the 
slot at the teflon filler for the stub support. The power 
capacity could be increased substantially, if required, by 
grooving the teflon piece and rounding the corners of the 
slot in the conductor. 


CONCLUSIONS 


The theory and design of a coaxial hybrid junction 
has been presented. The hybrid has inherent isolation 
between the shunt and series arms. The shunt arm has 
a nearly optimum broad-band impedance match by vir- 
tue of stub compensation. The series arm cannot be 


compensated in an optimum manner; however, the 
VSWR is less than 1.4 over a 10 per cent frequency 
band. Hybrid designs were given for bands centered at 
425 Mc and 220 Mc. Many hybrids have been produced 
with repeatable results. Typical performance data have 
been given. 
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Step-Twist-Junction Waveguide Filters’ 


B. C. DELOACH, Jr.t, MEMBER, IRE 


Summary—tThe properties of step-twist-junction discontinuities 
in rectangular waveguide are considered. Methods are presented 
whereby these step-twist-junctions may be used in filter design and, 
in particular, in the design of variable bandwidth constant-resonant 
frequency filters. 


INTRODUCTION 


N MANY laboratories work is often concentrated in 

some particular frequency band and, in such cases, 

a series of filters of different bandwidths tuned in 
this band are often a necessity as well as a great con- 
venience. 

This paper presents the results of design work on 
filters utilizing step-twist-junction discontinuities! and 
on filters utilizing modified step-twist-junction discon- 
tinuities. The former presents a particularly simple 
structure which can be easily fabricated, while the latter 
presents the useful property of variable bandwidth with 
fixed resonant frequency. This property allows one to 
adjust one filter for a wide range of bandwidths and 
thus avoid the tedious design of many separate filters. 


DESIGN THEORY 


A step-twist-junction will be defined to be a rectangu- 
lar-to-rectangular waveguide junction of the type that 
would be produced by electroforming on the mandrel as 
illustrated in Fig. 1 and then removing the mandrel. 


Fig. 1—Mandrel for a step-twist-junction. 


The longitudinal axes of the two blocks will be assumed 
colinear and their cross-sectional dimensions identical. 
Thus, only one parameter 6 will be needed to specify the 
junction completely. 6 will be defined as the angular 
twist of the junction as illustrated in Fig. 1. In this 
paper the right-or-left-handedness of 6 is irrelevant and, 
hence, we will specify 0<@<7/2, i.¢., 0 will always be 
positive and will be the acute angle between the x, z 
faces of the two rectangular blocks. 


* Received by the PGMTT, August 22, 1960, revised manuscript 
received, October 25, 1961. 

{ Bell Telephone Labs., Inc., Holmdel, N. J. 

1H. A. Wheeler and H. Schwiebert, “Step-twist waveguide com- 
ponents,” IRE Trans. oN Microwave THEORY AND TECHNIQUES, 
vol. MTT-3, pp. 44-52; October, 1955. 


If a guided wave of frequency 11.178 kMc is intro- 
duced on one side of a step-twist-junction in 0.400 inch 
0.900 inch guide and the guide on the other side of the 
junction is terminated with the characteristic imped- 
ance of the guide, an examination of the admittance of 
the step-twist-junction plus termination by means of a 
standing-wave detector produces the plot presented in 
Fig. 2 as @ is varied. 

The information contained in Fig. 2 is enough to 
design a filter using two step-twist-junctions provided 
that use is made of further information obtainable from 
Wheeler and Schwiebert.+ 


Fig. 2—The range of admittance of a step-twist-junction 
at 11.178 kMe for 0°<@<90°. 


The following observation can be made. Any two-port 
passive symmetrical lossless microwave network may 
be represented at one frequency by a pure shunt sus- 
ceptance with two equal lengths of transmission line on 
either side, as illustrated in Fig. 3(a). If this simple type 
of equivalent circuit is assumed for a step-twist-junc- 
tion, it might be expected, in general, that the functional 
relation of length, susceptance, and frequency would 
assume some complicated form. Actually one finds, ex- 
perimentally (see Appendix), that for a considerable 
range of frequencies in the vicinity of 11.178 kMc, the 
lengths of line may be accurately expressed as L=an, 
with @ some constant, and the susceptance B as a con- 
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(b) 


Fig. 3—(a) A two-port (symmetrical) microwave network and a 
transmission-line equivalent circuit. Planes T, and T> are as- 
sumed to be out of the area of fringing fields. (b) Transmission- 
line equivalent circuit for a step-twist-junction waveguide filter. 


stant. This approximation will be made in all the suc- 
ceeding work. 

The lengths of line and the value of the susceptance 
for the equivalent circuit may be found graphically or 
analytically. The graphical method consists of drawing 
a constant standing-wave ratio circle (towards the load) 
from the point on the admittance chart (Fig. 2) repre- 
senting the twist for the particular value of 6 and X,, to 
an intersection point with the unit conductance circle. 
The magnitude of the equivalent pure shunt susceptance 
is read directly from this intersection, while the lengths 
of line are such as to have a equal the fractional wave- 
length separation of the unit circle intersection and the 
starting point above. (The shunt susceptance will turn 
out inductive if the minimum length of line is used.) 
These values can be equivalently calculated directly 
from the measurements of standing-wave ratio and 
minima positions from which Fig. 2 was obtained, and 
they are presented in Figs. 4 and 5. 

Having obtained the equivalent circuit parameters, 
we will now proceed to develop expressions for the de- 
sign of step-twist-junction waveguide filters in terms of 
resonant frequency wavelength and loaded Q. 

For the usual type of filter, z.e., two frequency inde- 
pendent pure shunt susceptances 7B’ separated by a 
distance J, the design formulas are obtained from 
Mumford? as 


CaM earayk ep! (1) 


2 sin 


NAB aa 4B)? 


2W. W. Mumford, “Maximally flat filters in waveguide,” Bell 
Sys. Tech. J., vol. 27, pp. 684-713; October, 1948. 
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Fig. 4—SWR vs @ for a step-twist-junction with f=11.178 kMc. 
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Fig. 5—Fractional wavelength separation of the step-twist-junction 


and the nearest minimum (toward the generator) of the standing- 
wave pattern of Fig. 2. 
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where 
Q=the loaded Q=fo/fi—fe with fo, fi, and fo being 
the resonant frequency and the upper and lower 


half-power frequencies, respectively,’ 
\ o=the resonant frequency wavelength in the guide, 


3 Mumford’s formulas are actually written in terms of a so-called 
wavelength Q defined by 


ee Te 


where Xo, Agi, and Age are the resonant frequency-guide wavelength 
and the upper and lower half-power guide wavelengths, respectively. 
In (2a) and (2b) Mumford’s equations have been rewritten in the 
more conventional loaded Q defined in terms of frequencies. 
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\o =the resonant frequency wavelength in free space. 
B’ is positive or negative when the susceptance 
is capacitive or inductive, respectively, 


These formulas will now be adapted to a twist filter. 
The necessity for this modification arises because the 
effective separation of our susceptances (the pure ones 
of our equivalent circuit) may be written [see Fig. 3(b) | 


d = 2a, +s, (3) 


where s is the physical separation of the two twist- 
junctions and 2a), is a length of line added by the equiv- 
alent circuits of the twist-junctions. Thus for a twist 
filter (1) becomes 


2a ys 
tan Nae (2aXqo se 5) = Be (4) 


g0 


where it must be remembered that B is negative. 

The expression for the loaded Q of a filter may be ob- 
tained’ from the equivalence of two shunt susceptances 
jB', separated by a distance /, to a parallel resonant cir- 
cuit (and a length of line to adjust phases). The admit- 
tance of the tuned circuit 7B, can be written as? 


jBz = jB'(B' sin 0, — 2 cos 26), (5) 
where 
271 
(pS es 
it i 


The half-power points may be shown to occur at B, 
= +2. For the twist filter, the use of (3) and (4) in (5), 
in combination with double angle formulas, yields for 
the half-power wavelengths Ay: and Ago 


ei eee 
eh Cee er ./B* + 4B? 
me = a a : sin“! oven , (6) 
Vie eee wen a/B* + 4B? 
and writing 
1 
Q= a) a iy 
Xo 1 1 
ee 
we have 
das 
Nae NC Xoo 
: e Riel y) 7) 
V/ Bt + 4B? 
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Note the similarity of (7) with (2a), but also observe 
that the next step [Eq. (8) | 


D sar 


Ara 


2 
./ Bi + 4B? 


2 sin! 
is different from (2b). From (7) we observe that s, the 
physical separation of the step-twist-junctions, occurs 
in the expression for the loaded Q as does / in (2a) for 
pure susceptive irises. That this should be the case can 
be seen from the fact that the phase separation of 
the equivalent circuit susceptances, 7.e., 2md/X, is 
2r[2a+(s/d,)], and only the s/A, term is frequency 
sensitive. 

Thus (4) and (8) are the design equations for a step- 
twist-junction waveguide filter corresponding to (1) and 
(2b) for the usual type of filter. The design procedure for 
a step-twist-junction waveguide filter is as follows. First 
a curve such as that in Fig. 2 must be obtained (by 
extrapolation or measurement). Then for a given Q and 
resonant frequency, the value of B (and the correspond- 
ing value of a@ determined from the Smith chart plot) 
must be found that will satisfy (8). These values of B 
and a must then be substituted into (4) to determine s, 
the physical separation of the two step-twist-junctions. 
The value of @ is obtained from the curve corresponding 
to Fig. 4 by finding that value of @ which corresponds 
to a standing-wave ratio, identical to the one obtained 
from the pure susceptance B backed by a termination. 
From (4) we observe that for a particular resonant fre- 
quency the twist filter will be shorter for a given loaded 
Q than one made with pure inductive irises. The magni- 
tude of this shortening depends upon the frequency of 
operation and the desired loaded Q. 

Step-twist-junction waveguide filters can be designed 
with a rotatable center section. If different types of thin 
irises are attached to a step-twist-junction, the admit- 
tance vs @ plot for this junction and thus the resonant 
frequency-bandwidth plot for a filter made from two of 
the junctions can be radically altered. Note in particular 
that if the admittance plot of Fig. 2 lay along a straight 
line passing through the center of the chart, then for a 
filter, the design separation s for a given resonant fre- 
quency would be the same for any bandwidth. An ad- 
mittance plot at 11.178 kMc for a step-twist-junction 
with a 0.010-inch thick 0.400-inch diameter centered 
circular iris inserted in the plane of the junction is pre- 
sented in Fig. 6. This particular combination is observed 
to trace out the desired straight line as @ is varied from 
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Fig. 6—The range of admittance of a step-twist-junction with cen- 
tered 0.400-inch diameter iris at 11.178 kMc for 0°<@<90°. 


90° (total reflection) to 0° (intersection with unit circle). 
Thus a filter composed of two such junctions should 
have the property of variable bandwidth and constant 
resonant frequency as @ is varied. 


EXPERIMENTAL RESULTS 


A frequency vs transmission loss curve is presented 
in Fig. 7 for a singe-cavity step-twist filter. This cavity 
was designed for fpy=11.72 kMc and a 3-db bandwidth 
of 154 Mc. Experimentally we obtained fp)=11.58 kMc 
and a 3-db bandwidth of 147 Mc. The closeness of these 
results is a good check on the validity of our equivalent 
circuit. Dimensional tolerances place the experimental 
resonant frequency and 3-db bandwidth within the 
range of experimental error of the determination of the 
curve of Fig. 2. 

Multiple cavity filters can, of course, be constructed 
either as direct coupled cavities or as “quarter”-wave- 
length coupled cavities. Fig. 8 presents the response of 
a three-cavity, three-quarter-wave coupled band-pass 
filter designed for a maximally-flat amplitude response. 
The design bandwidth was 500 Mc with the design 
resonant frequency 11.20 kMc. Experimental values of 
525-Mc bandwidth and 11.14 kMc (midway between 
3-db points) were obtained. The filter was electro- 
formed from copper upon a series of rectangular blocks 
on a spindle which were later dissolved out. The curve 
of Fig. 8 was then obtained with no attempt being made 
to first tune the filter by means of tuning screws. 

Photographs of two twist filters with rotatable center 
sections are shown in Fig. 9. The filter of Fig. 9(a) is a 
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Fig. 7—Transmission characteristic of a single- 
cavity step-twist-filter. 
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Fig. 8—Transmission characteristic of a three-cavity, three-quarter 
wavelength coupled, step-twist-junction filter. 


pure step-twist-junction waveguide filter while that of 
Fig. 9(b) has 0.400-inch diameter centered circular irises 
attached to both ends of the rotatable center section. 
The resonant frequency transmission loss vs 3-db band- 
width curves for these two types are presented in Fig. 
10. The resonant frequency vs bandwidth plots (as the 
center section is rotated) for these two types are pre- 
sented in Fig. 11. As can be seen in Fig. 11, the resonant 
frequency of the cavity with circular irises (0.400-inch 
diameter) is constant out to 755-Mc bandwidth within 
experimental accuracy of +1 Mc at the narrow band- 
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(a) 


(b) 


Fig. 9—(a) Step-twist-junction filter with rotatable center section 
with no corrective irises. (b) Step-twist-junction filter with rota- 
table center section with 0.400-inch diameter centered circular 
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Fig. 10—Insertion loss vs bandwidth for two step-twist-junction 
filters with rotatable center sections at fo. 


4 
CORRECTIVE IRISES 


RESONANT FREQUENCY IN 
KILOMEGACYCLES PER SECOND 


0.400" DIA. CENTERED ~. 
CIRCULAR IRISES SS 
| 
ual : 
| 
iets | i al et 
re) 100 200 300 400 500 600 700 ~~ + 800 


BANDWIDTH IN MEGACYCLES PER SECOND 


Fig. 11—Resonant frequency vs bandwidth for two step-twist- 
junction filters with rotatable center sections. 


widths, to +4 Me at the 755-Mc bandwidth. The reso- 
nant frequency is here taken as the point of minimum 
transmission loss. This 755-Mc bandwidth is the maxi- 
mum bandwidth that can be obtained with the cavity 
with circular (0.400-inch diameter) irises attached. The 
cavity with no irises on the ends of the center section 
will, of course, produce bandwidths limited only by the 
useful frequency range of the waveguide, at the expense 
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of a changing resonant frequency with bandwidth and 
a slightly poorer resonant frequency transmission loss 
due to a more critical clamping problem for this model. 
The effects of rectangular and square irises on the reso- 
nant frequency vs bandwidth plot were also investi- 
gated but these proved inferior to the circular iris result 
presented in Fig. 11. 


CONCLUSIONS 


Design data has been presented for step-twist-filters 
in the vicinity of 11.178 kMc. Corrective irises have been 
described which will keep the resonant frequency of 
these filters constant (within experimental accuracy) as 
the bandwidth is varied from a few megacycles to 755 
Me. The addition of tuning screws in the appropriate 
place will, of course, allow variations of the center fre- 
quency of several hundred megacycles (depending upon 
the required Q of the cavity), and thus these variable 
bandwidth filters can be quickly and accurately adjusted 
to a given bandwidth and center frequency with the aid 
of an X-band sweeper. The design problem of obtaining 
a given bandwidth with practical tolerances (which in 
the usual type of filter is not readily adjustable) is thus 
alleviated. 

At the expense of a slightly increased insertion loss, 
and with the irises attached to the holders rather than 
the rotatable center section, we may stock a few pieces 
of X-band guide of different lengths for filter cavities 
and with appropriate tuning screws we may cover the 
entire range of the guide in resonant frequency, and all 
but extremely narrow bandwidths at which the clamped 
junctions may become troublesome. 

The constant frequency filters also allow the interest- 
ing possibility of cascading several sections and by ad- 
justing the several 6's and resonant frequencies, actually 
obtaining any desired response by a direct experimental 
observation. The angle of rotation can also be servo 
controlled to provide one with electronically variable 
filter characteristics. 

The inclusion of the first-order frequency sensitivity 
of step-twist-junctions in the filter design equations (4) 
and (8) allows one to accurately design broad-band 
waveguide filters utilizing these junctions. 


APPENDIX 


Tests were run on a 70° and an 80° step-twist junc- 
tion to determine the range of application of (4) and (8). 
These two values of @ include bandwidths of approxi- 
mately 1600 to 30 Mc. Values for the admittances of 
the two twists were obtained at 10.7, 11.2,and 11.7 kMc 
and were checked against our approximation of Fig. 
3(b). For the 70° twist @ was constant within experi- 
mental error, while B, instead of being a constant, ac- 
tually varied +0.3 about its 11.2 kMc value of 2.5 
(+0.3 at 10.7 kMc and —0.3 at 11.7 kMc). For the 80° 
twist @ varied +0.010 about its 11.2 kMec value of 
0.046 (—0.010 at 10.7 kMc and +0.010 at 11.7 kMc), 
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while B varied only +0.2 about its 11.2 kMc value of 
Dos 

For twists of less than 70° a remains constant, while 
the approximation that B is a constant degenerates; for 
twists of more than 80° the approximation that a is a 
constant apparently degenerates, while the approxima- 
tion that B is a constant improves. 

At first glance the apparent 22 per cent error in as- 
suming @ equal to a constant for the 80° twist might ap- 
pear alarming, but it should be remembered that this 
22 per cent error is measured over a 1000-Mc range, 
whereas the 80° twist can be utilized in a filter cavity to 
produce no more than a 30-Mc bandwidth filter. Ac- 
tually at the 3-db points, a differs from the 11.2 kMc 
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value by less than 1 per cent. The approximation that a 
is a constant thus remains valid for twist angles greater 
than 80°, as well as for twist angles less than 70°. 

The approximation that B is a constant, while being 
very good at twist angles of 80° and higher, is beginning 
to degenerate for a 70° twist. It is expected that, due 
to this variation, the design formulas will degenerate 
for bandwidths much in excess of 10 per cent. 
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Resonators for Millimeter and 
Submillimeter Wavelengths* 


WILLIAM CULSHAWY, SENIOR MEMBER, IRE 


Summary—Further considerations on the mm-wave Fabry- 
Perot interferometer are presented. Computed Q values for parallel 
metal plate resonators indicate that at spacings around 2.5 cm, values 
ranging from 60,000 at 3 mm, to 300,000 at 0.1 mm wavelengths are 
possible. The plates must, however, be quite flat. These results are 
important for many investigations, and in particular for mm and sub- 
mm wave maser research. For the aperture per wavelength ratios 
possible here, diffraction effects should be small. Consideration is 
given to using curved reflectors or focused radiation in applications 
where the fields must be concentrated. For this purpose, re-entrant 
conical spherical resonators are treated in detail, as regards operation 
in the TEM mode at high orders of interference. Expressions for the 
Q and shunt impedance are given, and high values are possible at 
mm and sub-mm wavelengths. Quasi-optical methods of coupling 
into and out of such a resonator are proposed, and the higher modes 
possible in such a resonator are considered. Results indicate that it 
could have application to the mm-wave generation problem, and 
that it represents a good resonant cavity for solid-state research at 
mm and sub-mm wavelengths, and for maser applications in par- 
ticular. 


INTRODUCTION 


N the region of wavelengths extending downwards 
from around 1 mm to the long infrared, much im- 
portant research needs to be done, and many im- 
portant applications arise. At these wavelengths, con- 
ventional cavity resonators become extremely minute, 
since their dimensions are around one-half wavelength. 
For some purposes, cavities of larger dimensions, capa- 
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ble of sustaining a number of higher order modes, are 
possible. This is a difficult procedure, and the difficulties 
increase with decreasing wavelength for a given size of 
cavity. Cavities much larger in terms of the wavelength, 
but which permit mode-free operation, are thus needed. 
In particular, the development of such a cavity with a 
suitable interaction gap and new methods of input and 
output coupling other than conventional waveguides 
would greatly assist in the development of a primary 
coherent electronic source for these wavelengths. 
Referring to the reflex klystron, which for many pur- 
poses is still the most versatile and simplest of micro- 
wave tubes, such a cavity must be capable of bunching 
the electron stream, and hence must possess a suitable 
interaction gap of small dimensions compared to the 
wavelength. It also should have a large resonator vol- 
ume for heat dissipation and a high shunt impedance for 
efficient electronic interaction. New methods for cou- 
pling into and out of the resonator are also necessary. 
There are other problems, as well, in the design of such 
tubes for very short wavelengths; another very im- 
portant one being the provision of an adequate current 
density at these short wavelengths where the area of 
the electron beam for efficient interaction with the reso- 
nator steadily decreases. This difficulty would certainly 
be helped by providing larger, more efficient, and more 
suitable resonators. The required current densities in 
the resonator gap could possibly be approached with im- 
proved cathodes and by the use of suitable magnetic or 
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other focusing devices. In any event, such a resonator 
development would permit the extension of klystron 
techniques to shorter wavelengths, and could lead to 
easier construction techniques and higher powers from 
tubes presently available at wavelengths extending from 
8 mm to around 2.5 mm. 

Some progress in this general direction was effected 
by the development of the dielectric tube resonator. ! 
This was used to produce interaction with highly 
bunched electron beams traveling at relativistic veloci- 
ties.2 Such cavities, however, are still not large enough 
in terms of the wavelength, they do not possess high 
enough Q values for many purposes, and their use would 
seem to be limited. Another possibility which seems to 
possess considerable potential for application in all areas 
of mm wave research is the mm-wave Fabry-Perot inter- 
ferometer.*:* While this form of resonator is eminently 
suitable for many purposes, there are other applications, 
such as the electronic generation problem, or solid-state 
research, for which a smaller interaction space is desira- 
ble. Thus one might make the reflectors spherical and 
use focused radiation between them. Here diffraction 
problems arise,® and while such a system should resonate 
at infrared or shorter wavelengths, it may not do so at 
longer mm wavelengths, unless it is large. In any event, 
it is difficult to confine the field into linear dimensions 
even of the order of a wavelength in extent, and such a 
degree of confinement is not sufficient for the efficient 
bunching of electron streams as in a klystron. Thus, one 
must consider the provision of side walls round the 
interferometer, and a deformation of this into a cavity 
resonator bounded by two re-entrant cones and a sphere. 
Such a cavity was considered in the classical paper by 
Hansen and Richtmeyer® on resonators suitable for 
klystron oscillators, and it has also received considerable 
attention, particularly by Schelkunoff,’:’ in the treat- 
ment of biconical antennas. At longer wavelengths, 
other types of resonators proved more suitable. How- 
ever, at mm and sub-mm wavelengths, such conven- 
tional resonators become very small and serious prob- 


1R. C. Becker and P. D. Coleman, “The dielectric tube reso- 
nator: a device for the generation and measurement of millimeter and 
submillimeter waves,” Proc. Symp. on Millimeter Waves, Polytechnic 
Inst. of Brooklyn, Brooklyn, N. Y., pp. 191-222; March, 1959, 

2M. D. Sirkis and P. D. Coleman, “The harmodotron—a mega- 
volt electronics millimeter wave generator,” J. Appl. Phys., vol. 28, 
pp. 944-950; September, 1957. 

3 W. Culshaw, “Reflectors for a microwave Fabry-Perot inter- 
ferometer,” [RE TRANs, ON MicrowaAvE THEORY AND TECHNIQUES, 
vol. MTT-7, pp. 221-228; April, 1959. 

*W. Culshaw, “High resolution millimeter wave Fabry-Perot in- 
terferometer,” IRE TRANS. ON Microwave THEORY AND TECH- 
NIQUES, vol. MTT-8, pp. 182-189; March, 1960, 

5G, W. Farnell, “Measured phase distribution in the image space 
of a microwavelens,” Canad. J. Phys., vol. 36, pp. 935-943; July, 1958. 

6 W. W. Hansen and R. D. Richtmeyer, “On resonators suitable 
“rae baaka oscillators,” J, Appl. Phys., vol. 10, pp. 189-199; March, 
1939. 

7S. A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand 
Book Co., Inc., New York, N. Y., pp. 285-290; 1943. 

8S. A. Schelkunoff, “Advanced Antenna Theory,” John Wiley 
and Sons, Inc., New York, N. Y., pp. 32-71; 1952. ; 
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lems arise in heat dissipation, low Q factors, low shunt 
impedance and in fabrication. 

The paper presents a new appraisal of the biconical 
spherical resonator in the light of the new developments 
in the mm-wave Fabry-Perot interferometer and the 
possibility of operating such a biconical resonator at 
large orders of interference. This would provide a suita- 
ble resonator for the purposes discussed above. Features 
which help this approach considerably are that the 
coupling into the large biconical resonator is possible by 
a whole series of regularly spaced coupling holes as in 
the mm-wave interferometer, and optical methods such 
as focusing may be used to get the radiation into and 
out of such a resonator. Such methods seem highly de- 
sirable in this wavelength region. 


PLANAR MILLIMETER WAVE INTERFEROMETER 
OR RESONATOR 


Fig. 1 shows the mm-wave interferometer as used in 
transmission measurements.’ The reflector system may 
be regarded as a resonant cavity formed by the parallel 
metal plates and the multiple reflections of plane waves 
between them. The holes are then exactly analogous to 
the coupling holes or irises used in microwave cavity 
resonators, and they provide the means for coupling 
into and out of the resonance region between the plates, 
while preserving the large Q value of the metal plate 
region. For small holes, the loading on the interferom- 
eter due to the generator and load impedances is small 
and can be adjusted by the hole diameter. Side wall 
losses are essentially absent except for diffraction effects, 
which can be kept small, and which decrease with de- 
creasing wavelength. This results in a Q for the inter- 
ferometer which increases directly as the order of inter- 
ference. Referring to Fig. 1, the field at resonance due 
to plane waves between the plates with the origin as 
shown is given by 


Ey = — 2jEo sin (mx 2/d), 


nH, = 2Ey cos (nm 2/d), (1) 


where d is the distance between the plates, Eo is a con- 
stant, and n= (u/e)? is the intrinsic impedance of the 
medium between the plates in mks units. The energy 
stored and the mean power lost per unit area of the 
plates may be deduced from (1), and hence the unloaded 
Q determined, viz., 


Qo = /Ad = nw/(1 — R), (2) 


where R=1—(S8ew/o)"/? is the power-reflection coeffi- 
cient of the metal, € and mw are its permittivity and 
permeability, usually equal to those of free space, o is 
the conductivity, and w is the angular frequency. In 
terms of the fringe width Ad between half power points 
we may write, using the equation 2d= mn), 


Qa = \/Ad = 2n/(1 — R). (3) 
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Fig. 1—Millimeter wave Fabry-Perot interferometer. 


Since R will be around 0.999 for a metal at these fre- 
quencies, (3) shows that the metal plates must be quite 
flat, within 1/1000 of the operating wavelength. 

Table I gives values of Qo for wavelengths extending 
into the submillimeter region and illustrates the great 
advantages of the Fabry-Perot interferometer, since it 
would be very difficult, if not impossible, to make con- 
ventional cavity resonators for these wavelengths. In 
contrast to these results, ideally an unloaded Q value of 
some 9000 would be obtained at 1 mm wavelength with 
a cylindrical cavity of diameter 0.060 inch operating in 
the TEo1,50 mode. This interferometer is thus ideal for 
many purposes, permitting the use of relatively large 
structures at these very short wavelengths with freedom 
from most higher order modes. 


TAB ILE al 


COMPUTED UNLOADED Q VALUES FOR SILVER PLATES SPACED 
2.5 CM Apart In A MM-WaAVE INTERFEROMETER 
(CONDUCTIVITY o TAKEN As 6.139107 Muos/M). 


Amm nN R Qo 

Sel Zo 16 0.99917 60 , 300 
2.0 25 0.99896 75,300 
1.0 50 0.99852 106 ,500 
0.5 100 0.99792 150 ,000 
0.1 500 0.99533 333 ,900 


At suitable terminals, the holes may be regarded as 
perfect transformers, which enable us to couple into the 
metal plate resonator, in a uniform and efficient manner. 
Equivalent circuits for the mm-wave Fabry-Perot inter- 
ferometer may now be drawn, and are shown in Fg. 
2(a) and 2(b) for the transmission and reaction types 
respectively. The hole size may now be fixed by equating 
the reflectivity of the bulk metal to that deduced by re- 
garding the hole as a reactive structure on a transmis- 
sion line.? Smaller and larger hole sizes than those given 
by this criterion correspond respectively to lower and 
higher values of loading on the interferometer than those 
given by the matched condition. Such reflectors will 
have adequate bandwidth for mm-maser and spectros- 
copy applications, and designs can be optimized for 
any given wavelength region. The application of the 
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Fig. 2—Equivalent circuits for interferometer. (a) 
Transmission type. (b) Reaction type. 


Fabry-Perot interferometer to the problem of mm-wave 
masers and spectroscopy is under active development. 


CURVED OR FOCUSED FABRY-PEROT 
RESONATORS 


For some experiments and applications, the planar 
type of interferometer or resonator is not suitable. Ex- 
amples of this occur in solid-state research, optical- 
maser work, and electronic interaction with electric 
fields. Here, the resonator fields must be concentrated 
into a smaller volume, and it is natural to consider the 
use of cylindrical or spherical Fabry-Perot plates and 
focused radiation to produce concentrated fields in the 
vicinity of a focus. Such an arrangement might resonate 
in an analogous way to the plane reflector geometry, 
and coupling again be effected by a whole series of cou- 
pling holes. Fig. 3 shows a possible arrangement for a 
transmission interferometer employing curved reflec- 
tors. Either cylindrical or spherical reflectors could be 
used with appropriate lenses. The lines showing the con- 
centration of the field and the constant-phase fronts 
are purely qualitative, but indicate approximately the 
field distribution between such plates. 

The field distribution near the focus of a converging 
spherical wave has received extensive theoretical study.° 
With the coherent microwave sources and techniques 
now available, the field distribution in such regions can 
be experimentally determined. Such work has substan- 
tiated the results obtained by applying scalar diffraction 
theory to this problem when the aperture dimensions 
are some twenty wavelengths or more in extent,’ and 
the regions of interest are close to the axis and somewhat 
distant from the lens. The literature on this subject is 
quite extensive, and we shall limit our remarks to those 
closely connected with the idea of using curved Fabry- 
Perot resonators. 


9M. Born and E. Wolf, “Principles of Optics,” Pergamon Press, 
London, Eng. pp. 434-448; 1959. 
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Fig. 3—Focused Fabry-Perot interferometer. 


A full treatment of the problem for optics is given in 
reference 9, and general expressions are derived for the 
field in the focal region. Referring to Fig. 3, isophotes, 
or contour lines of intensity J(p, q) near the focus of a 
converging spherical wave, as well as contours of equal 
phase, are given. Here p=§z(a/f)?, and g=6p(a/f), 
where 2a is the aperture diameter, f is the focal length, 
B=27/\, and p= (x?+y?)1/? is the radial distance in the 
focal plane z=0. In optics, the intensity distribution is 
symmetrical about the geometrical focal plane and also 
about the z axis. Also, the surfaces of constant phase are 
surfaces of revolution about the zg axis. At a distance 
from the focus, the constant phase surfaces coincide 
with the spherical wave fronts of geometrical optics 
but become gradually deformed near the focal region. 
In the immediate region of the focus, the constant phase 
surfaces are plane, and on passing through this region, 
they gradually deform and again become spherical, but 
with opposite curvature. 

In the focal plane z=0, the intensity is given by® 


(4) 


I(0, q) = Feaal: 0) 


where J; is the usual Bessel function. This distribution 
is characteristic of the Airy-ring diffraction pattern in 
the image plane of an optical lens.!° Along the z axis, 
the field intensity is given by 


in p/4]? 
AO eal if (5) 


Eqs. (4) and (5) indicate the degree of confinement of 
the field possible in the focal region for given ratios of 
f/a. The first zero of Ji(qg) is at gq=3.83; and for f/a=4, 
the radius to the zero of the central ring is 2.5A. Along 
the z axis, the first zeros occur for z= +f?\/2a?, and for 
f/a=4, we obtain z= +82. 

Farnell’ discusses the field in the image space of a 
microwave lens, the main differences from optics arising 
because of the much smaller aperture to wavelength 
ratios possible with microwaves. With an optical lens, 


0 Tbid., pp. 394-397, 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


March 


the field in the focal region is concentrated into smaller 
volumes and approximations can be used which are not 
necessarily valid for microwaves. Fig. 4 shows measured 
contours of constant phase in the image space of a 
microwave lens. This had a diameter of 50 cm, a focal 
length around 60 cm, and the wavelength used was 3.22 
cm. Contours of constant intensity are also given in 
reference 5. The same general features discussed above 
for light optics are evident; there are, however, differ- 
ences in the shape of the contours. Here the constant 
phase surfaces and the Airy pattern in the focal plane 
are slightly curved, the center of curvature being at the 
lens center as shown. Also the center of curvature of the 
wave diverging from the focus is at the position of maxi- 
mum intensity which is not at the focus, but at a point 
some 2 wavelengths nearer the lens. The center of curva- 
ture of the converging wave, however, is at the geo- 
metrical image or focus. The deviations are due to the 
larger angular patterns which occur with microwave 
lenses, and at shorter mm and sub-mm wavelengths with 
similar aperture sizes, the optics distribution discussed 
above would be approached. 


SCREEN ,/GIRGLE NO.| CIRCLE NO.3, 
Vi 7 30" 259-207 . Rite oe Pad NK \. 

y Hie 
ENE 4 -2 -10 Ul nes SN i2 


DISTANCE FROM GEOMETRICAL IMAGE\IN WAVELENGTHS 


CENTER OF CIRCLE 2 CENTER Of CIRCLE 3 CENTER OF CIRCLE | 


Fig. 4—Measure contours of constant phase in image space of a 
microwave lens with R=63 cm, a=25 cm, and \=3.22 cm. Phase 
at geometrical image taken as 7/2 radians. (After G. W. Farnell, 
Canad. J. Phys., vol. 36, p. 935; 1958.) 


Matthews and Cullen! have investigated at micro- 
waves a converging spherical wave limited by a rec- 
tangular aperture. The approximations used in their 
analysis correspond to those used in optics, and are 
therefore valid when the diffraction pattern in the focal 
region is of small extent. Their deductions and measure- 
ments, however, give an interesting physical picture of 
what happens in the focal region and indicate that there 
are variations in.axial wavelength in the focal region as 
compared to the free space wavelength. Results in the 
regions investigated indicated an increase in axial wave- 
length, or a decrease in the axial propagation constant 
at small distances either side of the focus. Linfoot and 
Wolf?* also deduce that in optics there are regions very 
near the focus where the nearly plane constant phase 
surfaces are spaced closer together by a factor 1—a?/4f? 
than those in a parallel beam of light of the same wave- 


iets ees Matthews and A. L. Cullen, “A study of the field distri- 
bution at an axial focus of a square microwave lens,” Proc. TR a Nee 
C., vol. 103, pp. 449-456; July, 1956. 
é 12 a a E. Wolf, “Phase distribution near focus in an 
aberration-free diffrasion image,” Proc. Phys. Soc. (Lond il 
69, pp. 823-832; November, 1956. 3 Seine gn 
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length. There are also regions of rapid phase variation 
at the nulls of the Airy pattern and along the axis. 

We may sum up the possible use of curved reflectors 
for the mm and sub-mm resonator problem as follows. 
A spherical or cylindrical converging wavefront limited 
by an aperture gives a region near the focus where the 
field is concentrated within distances of a few wave- 
lengths. At optical wavelengths, spherical or cylindrical 
reflectors placed along appropriate phase contours on 
either side of the focus should resonate at the appropri- 
ate wavelength. As indicated by the work at wave- 
lengths of 3.2 cm, there may be departures from ideal 
conditions at mm and sub-mm wavelengths, and no such 
resonance may be possible. The problem in this respect 
needs further investigation. Such resonator types could 
thus be useful in optical masers and possibly at very 
short mm wavelengths, although close attention to the 
preservation of phase shapes in the focal region when 
obstacles are inserted would be necessary. Since the field 
in the focal region is still some wavelengths in extent, 
such a resonator is not suitable for electron bunching or 
for harmonic extraction from bunched electron beams. 


BICONICAL SPHERICAL RESONATORS 
A. Dimensions, Q Values and Shunt Impedance 


The cavity resonator bounded by two re-entrant 
cones and a sphere, as shown in Fig. 5, was considered 
in the early phases of klystron resonator development 
and has also been considered by Schelkunoff.? These 
investigations were concerned with such spherical reso- 
nators of radius equal to \/4 or with orders of interfer- 
ence of unity. The feature which makes a new appraisal 
worthwhile is that such resonators can be operated at 
higher orders of interference provided facilities exist for 
coupling into and out of such a resonator in a uniform 
way and no serious difficulties from higher order modes 
are encountered. Such a method is that of a whole series 
of coupling holes as used in the planar Fabry-Perot 
interferometer. Useful features of such a biconical reso- 
nator, especially at mm and sub-mm wavelengths, are 
that the resonator becomes larger, the Q increases with 
order of interference, and shunt impedance remains 
high. 

Referring to Fig. 5, if an RF voltage is impressed be- 
tween the apices of the cones, the principal or TEM 
mode on such a structure is generated. This has the elec- 
tric lines coinciding with meridians and the magnetic 
lines along circles coaxial with the axis as shown. Such 
a system is equivalent to a transmission line of charac- 
teristic impedance given by 


Z, = 120 log cot (¥/2), (6) 


and expressions for the electric and magnetic fields may 
be obtained.’ Resonances occur when the radius /g of the 
spherical boundary is equal to n\/4, where m is an 
integer referred to as the order of interference. Here we 
consider odd values of 7 or the case of parallel resonance. 
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Fig. 5—Biconical spherical resonator and principal TEM mode. 


Standing waves then exist in the resonator, and the Q 
value may be determined for any order u of interference. 
For equal and opposite cones in the sphere we thus ob- 
tain 


302?n log cot (W/2) 
Rn [log cot (W/2) + P cosec y] , 


Oy = (7) 


where y is the cone angle in Fig. 5 and R,, is the resistive 
part of the intrinsic impedance of the metal. The param- 
eter P is given by 


P =34[C + log nx — Ci(nn)], (8) 


where C is Euler’s constant, equal to 0.5772, and the 
function 


P 2 COS U 
Ci) -{ ae dt, ap Beiy (9) 


Similarly, the shunt impedance at resonance is given by 


1440071 2) 
ae [log cot (W/2)| (10) 
R,,[log cot (W/2) + P cosec w] 


Apart from changes due to the increased order of 
interference 7, (7) and (10) are similar to those given by 
Schelkunoff.’ 

For n=1, Qo is a maximum when y=33.5°, and is 
equal to 132/R,; hence Qo=924 for such a copper reso- 
nator at \=1 mm. Also, for 7=1, Z; is optimum when 
w=9.2° and equal to 3.74X104/R, ohms; hence for 
copper Z;=2.6X10° ohms at }\=1 mm. It is evident 
that such a resonator has a high shunt impedance even 
at short wavelengths, which is a desirable feature for a 
klystron resonator. However, for »=1, the diameter is 
around 0.020 inch and thus is not very practical. The 
Q is also low at short wavelengths for this small order of 
interference. 

Fig. 6 shows curves of Qo and shunt impedance Z; for 
a copper resonator at a wavelength of 1 mm and order 
of interference n=41. As for »=1, Qo is a maximum 
when y = 33.5°. The optimum angle for Z; depends on n, 


and is given by 


P cot — (2P cosecy)/[log cot (W/2)| = 1. (11) 
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Fig. 6—Unloaded Q values and shunt impedance Z; 
of biconical spherical resonator. 


Values of Z; ranging from 75,000 to 100,000 Q are thus 
obtained for »=41, the diameter of the resonator at 
A=1 mm then being 2 cm. The Q values are also rela- 
tively high for this wavelength, ranging up to 16,000. 
For a klystron resonator, Z; is the important parameter 
and must be as high as possible. For other applications 
a higher Q may be required, and can be obtained by in- 
creasing . Thus for n=101 and y=22.5°, we obtain 
Qy = 34,200 and Z;=83,500 ohms, with a resonator di- 
ameter of 5 cm. The DX 151 Philips klystron for 4 mm 
wavelengths uses a conventional resonator of diameter 
1.6 mm, and height 0.7 mm with a value of Z; around 
77,000 ohms. Such a resonator would thus be ex- 
tremely small at \=1 mm, and Z; would be reduced to 
around 38,000 ohms. The advantages of the biconical 
resonator are thus apparent. 

Further computations for \=0.1 mm, and =401 are 
shown in Table II; here the increase in Q should be 
noted, values of 39,000 now being possible. Due to the 
increase in R, at higher frequencies, Z; decreases but 
even at A\=0.1 mm values around 24,000 ohms seem 
possible. The diameter of this resonator would again be 
around 2 cm at a sub-mm wavelength of 0.1 mm, an 
extremely important consideration for many areas of 
work. 


TABLE II 


VARIATION OF Q VALUES AND SHUNT IMPEDANCE Z; FOR 
BICONICAL RESONATORS AT \=0.1 MM anp 
ORDER OF INTERFERENCE 1=401 


ia 10 13 aes 33.5 
Or 26, 500 30,200 37,000 39 370 
Ye, 24,100 24,400 22,300 17,600 


For some purposes the resonator formed by a single 
re-entrant cone inside a hemisphere, as in Fig. 7, might 
be useful. Similar considerations apply to this type, and 
general expressions for Qo and Z; are then 


302? n log cot (W/2) 
Rnllog cot (¥/2) + P(cosec y + 1)]” 


Qo = (12) 


3B. B. Van Iperen, “Reflex klystrons for millimeter waves,” 
Proc. Symp. on Mullimeter Waves, Polytechnic Inst. of Brooklyn, 
Brooklyn, N. Y., pp. 249-250; March, 1959, 
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and 
7200r|[log cot (W/2) |? 


ae GES 
R, {log cot (¥/2) + P(1 + cosec y)| 


Lee 


Both Q) and Z; are thus smaller for this resonator, 2; 
having around half the value for two re-entrant cones. 
However, such a resonator could be useful in applica- 
tions where a number of closely spaced cavities are re- 
quired. 


ELECTRIC FIELD 


Fig. 7—Hemispherical conical resonator. 


B. Coupling Considerations 


Ideas on possible forms of coupling into such a reso- 
nator arise when it is considered as a distortion of the 
planar Fabry-Perot interferometer. Hence the design of 
the whole array of coupling holes will be similar, except 
now they will be on the surface of the spherical portion 
and focused radiation must be used as indicated in the 
figures. The intrinsic impedance of the principal mode is 
that of free space, viz, Es/H;=n, and the characteristic 
impedance Z, may thus be regarded as derived from 
series and parallel combinations of elemental parallel- 
plate transmission lines, the number of which are deter- 
mined by the hole spacings on the spherical surface. 
Since the number of such holes at fixed spacings around 
the circle @=constant on the sphere varies as sin 8, a 
resultant Z, of the form given by (6) is obtained. 

From such general considerations, we deduce that the 
impedance transformations through the equally spaced 
holes on the spherical surface are identical, since the 
electric and magnetic walls into which the cavity can 
be divided give rise to a system of equal parallel-plate 
transmission lines with intrinsic impedance 7. The am- 
plitude transmission coefficients are also identical for 
all such holes, and since the number of holes around a 
given latitude varies as sin @, and the fields vary ‘as 
1/sin 8, the total power transmission from the cavity is 
the same along each line of latitude. The holes can thus 
be equally spaced along circles of latitude; some adjust- 
ment of the final hole along such a circle will, however, 
be necessary in general. The same spacings in the 0 
direction may also be used, but the lines of hole centers 
need not coincide with lines of longitude. 
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The biconical resonator may be regarded as a trans- 
mission line of length m\/4, and of characteristic im- 
pedance Z, given by (6). The impedance across the cone 


apices for any uniform impedance Z, over the spherical 
boundary is then given by 


y 27-42 tan pb 
7, GZ: tan Bl 


and for /=nhd/4, Z=Z.?/Z,. For a coupling hole system 
extending over the complete spherical surface, Z, will 
be uniform over the surface and may be deduced from 
the equivalent circuit for such a coupling hole. Thus, the 
load impedance at the apices can be determined, and 
hence the degree of loading as compared with the shunt 
impedance Z; of the resonator can be deduced. 

Another approach which is useful when only a part 
of the spherical surface has coupling holes, and also in 
the previous case, is to use the general formulas’ to 
determine the Q factor and the shunt impedance Z;. The 
impedances transformed from free space through such 
holes give rise to increased losses over that portion of the 
spherical boundary concerned, and the external Q values 
and load impedances can be determined. Thus the result 
for the increased power loss due to the load coupling 
will be given by 


Z= 


(14) 


Wr= AR H3H,*dA, (15) 
where the limits of integration for ¢ and @ extend over 
the coupling region on the sphere, and K is the resistive 
part of the load impedance at the spherical boundary. 
In this way the effect of various degrees of coupling can 
be considered and loaded Q values and load impedances 
determined. A number of coupling holes are thus re- 
quired, and this approach should be reasonably valid if 
the area over which energy is coupled into or out of the 
resonator is large compared with the wavelength; other- 
wise diffraction effects will be serious. Since such reco- 
nators are intended for very short wavelengths this con- 
dition can be satisfied. 

The coupling may thus be deduced from the equiv- 
alent circuit for a single coupling hole in a metal plate, 
which is shown in Fig. 8. Values of the susceptances are 
given by the following equations.* 


B fi BF | Te tanh ( ih ) 
= eee td Tl ) 
2Vo Yo Po | 

Bee 


2nt 
csch (=). 
Yo | Aa’ | 


where in our case B/2 Yo = (3a°A)/(27D*), and 


r 2 706D \2q}/2 
| Yo’ | i" wee 2 E22) (17) 
Vv D? r za} 


ot os (16) 


14 N, Marcuvitz, “Waveguide Handbook,” M.1.T. Rad. Lab. Ser., 
McGraw-Hill Book Co., Inc., New York, N. Y., pp. 408-412; 1951. 
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approximately. Here a, refers to the large dimension of 
a rectangular waveguide propagating only the dominant 
mode, and |r0’| is given in reference 14. For matched 
conditions in free space, the transformed normalized 
impedance at the inside wall of the sphere is then given 


by 


ae Boo 4 (Be a Bs)( Bar - 2 BeBe eh) 
(Bee SF 2B,B>)? ar (Ba =F Bye 


(18) 


Fig. 8—Perforated metal plate and equivalent transmission 


line circuit electric wall , magnetic wall ---. 


The phase angle of the reflection coefficient at the spher- 
ical boundary may thus be determined, and the effect 
of transformed reactances on the resonance condition 
investigated for various hole configurations and wall 
thicknesses. This is important since the resonance con- 
dition demands a uniform phase shift over the spherical 
surface, and the phase changes occurring in regions 
where there are coupling holes differ from those at a 
metal wall. However, the phase change for holes in thick 
walls is not very different from that due to holes in the 
thinner walls where coupling is effected. This occurs be- 
cause all holes are circular waveguides excited beyond 
cut-off, and the reactive contribution to the transformed 
impedance is close to that due to the hole at the inner 
surface of the sphere. 

Thus, areas other than those used for energy transfer 
could possibly have thicker walls with holes similar to 
those in coupling areas. It may also be possible by 
suitable impedance transformations to have holes only 
in such coupling regions, with the remaining parts of 
the metallic spherical surface undisturbed. This would 
be a more satisfactory arrangement, and while the prob- 
lem of coupling requires experimental evaluation, it 
seems clear that it can be done along the lines described. 


HIGHER-ORDER MODES 


So far, we have tacitly assumed the existence of only” 
the principal mode in the biconical resonator, and we 
must now consider whether difficulties can arise from 
the higher-order modes which can also exist in it. The 
problem has been extensively treated by Schelkunoff in 
his work on antennas.’ With an impressed RF voltage 
between the apices of the cones, the modes in question 
are the transverse magnetic spherical ones with H,=0. 
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As we have seen, in the biconical region a principal 
TEM wave exists with the electric field lines terminat- 
ing normally to the conical surfaces. A continuation of 
this mode into free space is not possible, and in the case 
of the biconical antenna, other modes are generated at 
the spherical boundary between free space and the ends 
of the cone. The boundary conditions at the spherical 
boundary between the fields in the antenna region and 
the fields of spherical TM waves in free space may then 
be satisfied. Fig. 9 shows the electric field configuration 
for the first-order TM spherical wave in free space and 
in the biconical region respectively. The field patterns 
are quite similar, the difference being the presence of 
the small loops near the conical conductors which satisfy 
the boundary conditions for the electric field. The pat- 
terns for modes of higher-order are quite similar, except 
that the number of loops increases. Such field configura- 
tions are directly analogous to the electric field patterns 
of higher-order TM, modes between parallel plates and 
arise from appropriate distortions of such plates. If 6 is 
the spacing between the plates, the cut-off wavelengths 
for these modes are given by 2b/n. 


(a) (b) 


Fig. 9—Electric field of first order TM spherical wave. (a) In free 
space. (b) With conical conductors. Magnetic lines circles coaxial 
with cones. 


In the proposed biconical resonator, the fields are en- 
closed by a metallic spherical boundary on which the 
boundary conditions on the field may be satisfied by 
the fields of the dominant TEM wave, the electric field 
of which is given by 


Io sin B(l — r) 


Ee = 4 
: 2mr sin 0 


(19) 
where Jy is the maximum current at r=/, and / is the 
radius of the sphere.* Thus, no higher-order modes arise 
~ at such a boundary, and this is still true when the cou- 
pling holes are present since these are spaced less than 
d/2 apart. The fringing fields at the holes then corre- 
spond to non-propagating modes between parallel plates 
and represent a localized impedance at the spherical 
boundary. It follows then that no higher-order modes 
should exist in the resonator when the radius of the in- 
put region 7; is very small, or when the cones are pointed. 
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Such higher-order modes may be generated in the input 
region around the apices of the cones if this is finite in 
extent, and this must be considered. 

Expressions for such fields are given by Schelkunoff® 
and are independent of the angle ¢. We shall be con- 
cerned with 6 component of the electric field, which is 
given by 


Vir 
pene) 2 
27Z,. sin 6 
n 1 d 
ies M,,(cos 9)S,'(8r).. (20) 
eo Bae ri Fe ay ( )Sui(Br). 


Here M,,(cos 0) =4[P,(cos 0) —P,.(—cos 6)], Pn being 
the Legendre function of order 2, and 


Sn(Br) = AnJMn(Br) + B,Nnn(6r), (21) 


where Jn,(6r) and Nn,(8r) are the normalized Bessel 
functions of the first and second kind, and A, and By, 
are constants determined from the boundary conditions. 
Values of 2 over which the summation in (20) is made 
are determined by the relation 


M,(cosy) = 0, (22) 
which corresponds to the condition £,=0 on the conical 
surfaces. Generally, the values of m are not integral and 
may be determined from the formula’ 


ole 2 ai 1 
aa 7 Mel bry kee. 


Wwihene:777— l>a,oeamenrns 

The component £, of the electric field must vanish at 
the spherical boundary for all values of 8, and hence 
from (20) we must have 


, (23) 


Sn’ (Bl) =-Q, (24) 


expressing the resonance condition for any higher-order 
mode. For perturbations of the input region afound the 
cone apices, the field at a specific input radius 7; may be 
expanded in terms of the orthogonal properties of 
Legendre functions and their derivatives; to obtain 


ay d 
{l r;Ee(ri) sin 6 — (M,, cos 6)d6 
v dé 
Ee = , (25) 


my d 2 
it sino| M,,(cos | dé 
v dé 


LimSn’ (Bri) |/[2en(n =P 1)| = Fr. 


where 
(26) 


The values of the constants A, and B,, in (21) are now 
determined from (24) and (26) and will be small if the 
radius 7; is small. Hence for pointed cones in close prox- 
imity at the center, operation in the TEM mode without 
serious excitation of unwanted modes is feasible. This 
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also follows, because Nn,(8r;) becomes infinite when 
r;—0, and hence B, must be zero in this case. 

As an approximation to the resonance condition we 
may assume that E,,=0 for small input regions or values 
of r;. Then we find from (26) that 


Baya ee J 2n( Bri) /N'1n(8r:), (27) 


and hence (24) becomes 
J'n, (81) N'n, (ri) — N’n,(61)J'n, (Bri) = 0. (28) 


But it follows from (27) that B,/A, tends to zero for 
small values of 6r;, particularly for large values of 7. 
Hence for small perturbations of the input region, the 
resonance condition for higher modes is given by 


Fn,(81) = 0, (29) 


and we have already noted that the amplitudes of such 
modes will also be small in this case. Such higher modes 
would also not exist if r;£(r;) =0 for all 6, which occurs 
when the apices are joined by a metallic sphere in the 
input region. Other perturbations can be considered for 
specific cases, such as for a klystron type resonator, and 
would have to be investigated. The prime criterion is 
that the transition of the spherical fields of the TEM 
mode to those in the input region should be smooth 
and the field patterns matched as far as is possible. 
This can be approached by suitable shaping in such 
regions, and hence mode generation kept small. 

Eq. (29) represents the condition for resonance in a 
higher-order mode, and for the large values of 6/ ap- 
plicable here, we may write 


Jn,(6l) ~ sin (81 — nx/2), 
and hence 


J'n»(Bl & cos (Bl — nx/2), (30) 
which gives the condition for resonance as 


Re re ee AN / 4s TED Bhs BM) 


Here v is not an integer in general, and this resonance 
condition can differ from that required for the principal 
mode. Thus even though higher-order modes are pos- 
sible, depending on the shape of the input region be- 
tween the cones, it may be possible to differentiate 
against them as regards resonance. We remark again 
that for small input regions, or perturbations, the ampli- 
tudes of such modes will be small and, in general, may 
be kept small by suitable transitions between the field 
regions in the resonator. 


CONCLUSIONS 


The basic ideas presented here appear to have con- 
siderable promise and significance for future work at 
mm and sub-mm wavelengths. Some results on a planar 
type of Fabry-Perot interferometer with high resolution 
may have already been given.’ This interferometer 
represents the solution to the wavemeter problem for 
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this wavelength region. The very high Q values already 
obtained at 6 mm wavelengths and the increases possible 
at very short wavelengths indicate its great potential 
use in all phases of millimeter-wave spectroscopy and 
maser research. A gaseous maser at a wavelength of 
3.4 mm, using such an interferometer as the resonator, 
is under active development. Applications of this inter- 
ferometer to solid state masers at sub-mm wavelengths 
are also feasible. As indicated, the curved reflector or 
focused type of Fabry-Perot interferometer may find 
similar applications at very short sub-mm or infrared 
wavelengths, and it represents an interesting problem 
for future investigation. 

The new developments on the biconical spherical reso- 
nator which stem from the Fabry-Perot interferometer 
investigations appear quite significant. Suitable reso- 
nators are needed for electronic generation at mm wave- 
lengths, for solid state masers at mm and sub-mm wave- 
lengths, and for many other areas of research in this im- 
portant wavelength region. The biconical resonator is a 
possible solution to this problem. The development of 
such a klystron resonator at reasonable orders of inter- 
ference would materially help in the major problems of 
small size, circuit losses and heat dissipation in conven- 
tional resonators at these short wavelengths. There re- 
mains the problem of obtaining the required current 
densities from cathodes presently available, since the 
efficiency of electronic interaction with the resonator 
depends on the gap diameter as well as on the transit 
time across the gap.!* However, the use of such a reso- 
nator would certainly assist in the generation of still 
shorter mm wavelengths, and would possibly permit 
greater ease in fabrication and greater power outputs 
to be obtained at wavelengths now possible. Higher- 
order modes in such a resonator have been discussed, 
and relatively mode-free operation should be possible. 
Further work must be done on the investigation of these, 
and on mechanical tuning methods. 

In solid-state maser research this cavity represents a 
possible solution to the difficult problem of a resonator 
for a two-level, solid-state maser. This may well repre- 
sent one method of obtaining relatively high-pulsed 
powers at mm and sub-mm wavelengths.” One of the 
major problems, that of obtaining a high Q cavity, ap- 
pears to be adequately met by the biconical resonator, 
and for ideal conical geometries inside the sphere, mode 
troubles should not arise. Specimen shapes would con- 
form to the field geometry at the cone apices or com- 


pletely fill the cavity with the dc magnetic field suitably 


oriented along the axes of the cones, or along any other 
preferred direction. The proposed method of coupling 
would be extremely desirable in all such areas, since it 
would eliminate the necessity for long lengths of small 
waveguide into the low temperature bath. The Q of the 
cavity would also increase at low temperatures. Similar 


15 J, R. Singer, “Masers,” John Wiley and Sons, Inc., New York, 
N. Y., pp. 71-87; 1959. 
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remarks apply to the three-level, solid-state maser. 

Although further development of these resonators is 
required, such developments appear feasible in contrast 
to the present difficulties in applying conventional reso- 
nators to mm and sub-mm wavelengths. Such difficulties 
are very severe and most probably conventional reso- 
nators are impractical. There appears to be no reason 
why the ideas presented here should not be intensively 
pursued, as the rewards and knowledge to be gained 
from this virtually unexplored region of the electro- 
magnetic spectrum are very great. 

Note added in proof: The biconical spherical resonator 
has now been operated very satisfactorily by Dr. R. W. 
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Zimmerer at wavelengths around 8 mm. The diameter 
of the sphere used was 4 inches, and the cone angle Vv 
was 45°. Coupling holes after the manner described were 
used only in areas illuminated by the focused radiation. 
Both quarter-wavelength and half-wavelength reso- 
nances were observed and were the dominant ones. The 
Q value approaches the theoretical one, and higher mode 
effects are small. 
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A Recording Microwave Spectrograph* 


D. ILIAS}, MemBer, IRE, AND G. BOUDOURISt, SENIOR MEMBER IRE 


Summary—tThe principle of operation and the fundamentals of 
realization of a recording microwave spectrograph designed for use 
in the study of the absorption and the index of refraction of gases un- 
der medium pressures (1 mm Hg to 1 atm) are presented. The ap- 
paratus results from a similar spectrograph with synchroscope, in 
which the responses of the cavity resonators are interpreted by 
means of a pulse method. The high performances of the apparatus 
render its use advantageous, not only as a spectrograph, but also as 
an accurate recording refractometer, as well as a direct-reading Q- 
meter. 


I. INTRODUCTION 


nique to microwave spectrographs with cavity 
resonators [12] was originally suggested in 1953 
by Professor A. Gozzini of the University of Pisa (Italy) 
and his coworkers [2d]. Spectrographs of this type, al- 
though subject to continuous improvements, have been 
constructed in Pisa (Istituto di Fisica), in Paris (Labo- 
ratoire de Physique de |’Atmosphére) and in Amsterdam 
(Natuurkundig Laboratorium Universiteit). The new 
experimental setup has already been used successfully 
in various investigations [3|-[7]. 
The electronic indicator of this apparatus is an oscil- 
lograph used as a synchroscope. The result of the meas- 


fess IDEA of the application of the pulse tech- 
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urement is given by the relative positions of the pulses 
which appear on the screen of the synchroscope. In the 
following, we will refer to this apparatus as the “spectro- 
graph with synchroscope.” 

The work described here makes use of this spectro- 
graph to function as a recording instrument. As an out- 
put indicator, the synchroscope is replaced by an auto- 
matic recorder. The absorption coefficient or the index 
of refraction is recorded as a function of the pressure of 
the gas. The apparatus works, as does the previously 
mentioned spectrograph with synchroscope, in the 
centimetric (as well as in the millimetric) region of radio 
waves and is used in the study of gases under medium 
pressures (from about 1 mm Hg to 1 atm). 

This function has been obtained through suitable 
modifications of the electronic parts of the instrument, 
especially those of the pulsers. The resulting recording 
spectrograph extends the possibilities of research in the 
field of microwave spectroscopy since it can also be used 
as a refractometer and as a Q-meter. 


II]. THE PRINCIPLE OF THE SPECTROGRAPH 
WITH SYNCHROSCOPE 


The original spectrograph with synchroscope has been 
the subject of previous papers [2a], [5]. Briefly its 
principle is as follows. 

The block diagram is shown in Fig. 1. The energy of 
the microwave source (a klystron) is frequency modu- 
lated by means of an isosceles triangular signal. The 
modulated energy is guided both to the channel of meas- 
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Fig. 1—Block diagram of the spectrograph with synchroscope. 


urement and to the channel of reference of the appa- 
ratus. The resonance signals (responses) given by the 
cavity resonators are coupled to the inputs of the pulsers, 
after detection and amplification. 

The pulse technique is used in order to mark, with 
the best possible accuracy and sensitivity, the relative 
position and the form of the response of the channel of 
measurement with respect to that of the channel of ref- 
erence. This is achieved by the production of very nar- 
row pulses in predetermined points of the response 
curves. This method is much more advantageous than 
any of the older methods of direct comparison. 

The theory of the apparatus proves that the distances 
of the pulses appearing on the synchroscope are related, 
by simple relations, to the index of refraction and the 
absorption coefficient of the gas placed into the cavity 
of measurement. In fact, it is known that the introduc- 
tion of a gas to a cavity resonator causes a displacement 
of the resonance frequency (effect of the index of refrac- 
tion) and, at the same time, the resonance signal is 
broadened and weakened (absorption effect) (Fig. 4). 

Although the recording spectrograph is based on the 
same theoretical considerations, its principle presents 
some quite essential differences, as will be shown. (See 
also a brief report in [1].) 
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III. Tur PRINCIPLE OF THE RECORDING 
SPECTROGRAPH 


Suppose the klystron is doubly modulated in fre- 
quency: 1) by the signal of a triangular modulator, and 
2) by means of another sinusoidal modulator operating 
at a frequency of 1 Mc. The response signals received 
on the crystal detectors now show two secondary 
maxima due to the sidebands y»>+1 (Mc), apart from 
the central curve of the principal resonance vo of the 
cavity (Fig. 2). The shape of the principal resonance is 
practically not disturbed by the presence of its lateral 
images, because the degree of modulation is adjusted so 
as to be weak enough, and because the frequency of 1 Mc 
is quite high with respect to the width of the principal 
resonance of the cavity. 


PRINCIPAL 
AESONANC 


LATERAL 
RESONANCES 


— > 
Nod (Ak) eee ri (44) v 


Fig. 2—Response of one cavity when swept by the 
doubly modulated klystron. 


Also, suppose that the power falling on the crystal 
detector is weak enough so that the detection is quad- 
ratic (Pmax <about 10uW). Furthermore, given that the 
quality coefficient Q of the cavity is high enough (the 
special construction of the over-dimensioned cavities 
provides a quality of the order of 30,000 within the X- 
band) [2a], [5], we will have for the detected voltage 


[9 etto | 


Vises 
V= ea (1) 


1 + 40? (’ = “) 
Vo 


where Vmax is the voltage corresponding to the resonance 
frequency vo. The second derivative of this expression 
with respect to the frequency v becomes zero at two 
points around the resonance frequency. The frequency 
distance of these points is finally given by the relation 
(Fig, 3): 


(2) 
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Fig. 3—Cavity principal response and its first and second derivatives. 


However, owing to the triangular modulation of the 
klystron, its frequency is changed according to the equa- 
tions: 


y=7-+ 4 


during one half-period \ 3) 
vy =p + 0(T — ¢) during the next half-period 
where TJ is the sweep period of the klystron (1/50 sec, 
in our case) and v the velocity of modulation. Taking 
into account these equations, the above-mentioned fre- 
quency distance vy, corresponds to a time distance fa: 

vo 


faa cal s ). (4) 
20/3 V3 tha 


Now let the two cavities of the apparatus be empty 
and in resonance (both at the same frequency vo) at the 
beginning of an experiment. Suppose we introduce to the 
cavity of measurement a gas under a certain pressure /, 
while keeping the reference cavity empty. Then (Fig. 4) 
the resonance frequency of the cavity of measurement 
is displaced to a new value, vy=v0/n, where 7 is the index 
of refraction of the gas under the pressure p and the 
temperature of the experiment, while, at the same time, 
in the case of an absorbing gas, the response curve is 
broadened. 

The frequency displacement of the resonance »)—yv 
=vo—(vo/n) corresponds to a time difference At, [see 


(3) |: 
ie “(1 “ -), (5) 


n — 1 = (v/v) +Atn, (6) 


, (rom which Q = 


from which 


the index of refraction being near enough to unity. 
On the other hand, the broadening of the response 
curves indicates a relative lowering of the quality co- 
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Fig. 4—Effect of the gas refractive index and of the absorption 
on the response of measurement cavity. 


efficient of the measurement cavity. Thus, we have (4): 


Ane “-(- 2. -). (7) 
vw/3\Q Qo 


Furthermore, since, as it is known, 
(1/Q) — (1/Qo) = e,’ = ac/2x, 


where €,=€,’ —7e,’’ is the complex dielectric constant of 
the gas, @ its absorption Coefficient (small as compared 
to unity), and c~3-108 msec (the magnetic permeability 
of the gas is taken as u,=1), it follows that: 

Qrv/3 v 


a= 


- Ata, (neper/m). (8) 


Finally, the relations (6), (8) and (4) take the follow- 
ing practical form if the sweep velocity v is replaced in 
them by the expression v=2(Mc/s)/t», where ¢, is the 
time distance between the two side maxima of the re- 
sponse signal (Fig. 2): 


22108 AR Atn 
N = (m — 1)-108 = ey on (9) 
vo G ies 
Am-108/3 At, Ata 
Oe s = (es ) (10) 
C te te 
pie eee ae (11) 
2/3 ta mn ee , 


where vp is measured in megacycles, a in neper/m, the 
time ¢ in microseconds, c=3-108 m/sec, and C,, C, and 
Ce are constants. 

The measurement of the index of refraction of the gas, 
its absorption and the quality coefficient of the cavity 
of measurement, is thus reduced to the measurement of 
the times tn, fa and ft). This is achieved by so designing 
the time circuits of the apparatus that a direct current 
is produced at their output, which is proportional to the 
intervals being measured; the proportionality factor is 
constant for every sort of measurement. This direct cur- 
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rent is used to drive an autographic voltmeter destined 
to record continuously, on a paper tape, the curves of 
variation of the measured quantities as a function of the 
gas pressure. 


IV. OPERATION OF THE APPARATUS 


The block diagram of the recording spectrograph is 
shown in Fig. 5. The different stages of the electronic 
part can be distinguished, from the operation point of 
view, into two discrete sets: 

1) The block “amplifier—derivation and clipping— 
electronic windows—pulsers” (one block for each chan- 
nel of the apparatus) provides at every half-period of the 
sweep one pair of suitable pulses separated by the time 
iiterval -£,, én OF fo. 

2) The other block which includes the “scale of two,” 
the integrator and the output recorder, and which is 
connected to the preceding block by means of a relay, 
receives the above mentioned pairs of pulses and pro- 
duces a direct current proportional to their distance. 


A. Measurement of the Interval ta 


During the measurement of the time ¢, (measurement 
of the absorption, position II of the commutator), a 
first derivative of the response of the measurement cav- 
ity is realized by a resistance-capacity circuit at the out- 
put of the preamplifier (oscillogram 1a of Fig. 5). After 
amplification, a second derivation, followed by a clip- 
ping deep and symmetrical with respect to the zero level, 
makes the interval f, appear in the form of a rectangular 
signal (central part of oscillogram 2a). However, this 
useful signal appears among other parasitic signals with 
which it is confused. The discrimination is obtained by 
means of electronic windows 3a and 4a) properly syn- 
chronized, which allow the pulser to work only when 
the desired signal is initiated or interrupted. The leading 
edges of the pulses given by the pulsers thus constitute 
very accurate marks which repeat the distance fu. 

The next stage, a bistable multivibrator (scale of 
two), driven by these pulses, restores the original rec- 
tangular signal, but this time free of parasites (oscillo- 
gram 6a). Finally, an integrator produces a direct cur- 
rent: 


tq = 2-50-Imax' ta 


(T=1/50 sec the period of the principal modulation of 
the klystron) by means of which the recorder is driven. 
The integrator is a constant current pentode (ieee) 
which conducts only during the intervals f, and the 
current of which passes through a rectifying filter. 


B. Measurement of the Interval tn 


A similar process is applied for the measurement of 
the time ¢, (measurement of the refractive index, posi- 


Ilias and Boudouris: A Recording Microwave Spectrograph 


147 


tion I of the commutator). The difference is that the two 
pulses (Sz and 5’r) which determine the interval t,, now 
originate from the channel of measurement and from 
the channel of reference, respectively, and they cor- 
respond to the maxima of the principal resonances of the 
response curves of the cavities. 

To produce these pulses, the signals of response are 
applied, after amplification, directly to the circuits of 
derivation and clipping. Their first derivatives undergo 
a strong clipping and they appear in the oscillograms 
2n and 2r. The leading edges corresponding to the 
maxima of the principal resonances of the cavities excite 
the pulsers, while the effect of any other pulse is elimi- 
nated by means of electronic windows. 


C. Measurement of the Interval t, 


The pair of pulses used for this measurement corre- 
sponds to the maxima of the two side resonances of the 
cavity of reference (oscillogram 57 in Fig. 5). 

To pass to this sort of measurement, the triggering 
of the previously mentioned relay is required. The re- 
sistance R, which is then connected at the output of the 
integrator, protects the microammeter from an excessive 
direct current. The same resistance, if it has been de- 
signed to be variable and calibrated, serves also the 
measurement of the ratio t./t, when the apparatus is 
used as a Q-meter. 


D. Pressure Marker 


The records are obtained during the slow evacuation 
of the cavity of measurement. A special barometric 
setup (Fig. 5) allows the calibration of the time axis of 
the record in pressure units. 

The barometric setup consists of a glass tube (inter- 
nal diameter of the order of 10 mm) provided with 
metallic contacts 10 mm apart from one another (this 
distance is suitably corrected so that the effect of the 
vessel containing the mercury can be taken into ac- 
count). The metallic contacts consist of tungsten wires 
sealed along the side of the glass tube so that they pene- 
trate it. 

Every contact is connected outside of the barometric 
tube to a small capacity (100 pF). The free ends of these 
condensers are short-circuited and brought together, 
through a resistance of a few tenths of ohms, to a posi- 
tive potential (90 volts) with respect to the mass of the 
mercury. 

The slow rising of the mercury during the evacuation 
of the cavity of measurement establishes one contact at 
every 10 mmHg of pressure. The pulses produced at 
every new contact because of the charging of the cor- 
responding condenser, after amplification, trigger the 
monovibrator which acts on the relay. The relay re- 
mains triggered for a certain time adjustable from 1 to 
20 seconds. During this period, the block “scale-of-two 
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Fig. 5—Block diagram and oscillograms (400 wsec/cm horizontal sweep) illustrating the 
operation of the recording spectrograph. 
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recorder” is connected to the circuits which correspond 
to the measurement of the interval ¢,. The traces of the 
resulting displacements of the recording pen constitute 
the marks of the pressure for every 10 mm Hg. In order 
to prepare the apparatus for the next measurement, the 
capacities of 100 pF are shunted by high resistances 
(20 MQ) which provide a rapid discharge during the 
next filling of the cavity. 

If the sweep velocity of the klystron (which is pro- 
portional to ¢,) is stable enough, the ends of the pressure 
traces should lie on a straight line corresponding to one 
and the same value measured by the recorder. This 
value can be used as zero-reference provided that the 
resistance R is adjusted so that the recorder will show 
the same value when the cavity of measurement is 
empty. It is evident that any change of the sweep veloc- 
ity disturbs the straightness of the line formed by the 
ends of the pressure traces. This permits one to control 
and, if necessary, to correct the stability of the sweep 
velocity and thus to ensure a sort of permanent calibra- 
tion of the spectrograph. 


V. DESIGN 


We give here in brief some information on the design 
of the recording spectrograph and in particular on those 
parts which are essentially different or absent in the 
previous spectrograph with synchroscope. Since the 
microwave block remains as in Fig. 1, we will not deal 
with it (see [2a], [5]). The electronic block can be di- 
vided into the following parts (Fig. 5): 


A. Double Modulator of the Klystron 


This includes a generator of an isosceles triangular 
signal synchronized to the power line (frequency of 50 
cps, variable amplitude for the adjustment of the sensi- 
tivity of the apparatus), as well as a sinusoidal crystal 
generator (frequency of 1 Mc). The design of the tri- 
angular modulator should provide high linearity and 
symmetry. 


B. Low-Frequency Amplifiers 


These amplify the response signals of the cavities and 
have been designed to present low noise level, sufficient 
frequency pass band and high gain (of the order of 
60 db). The peak value of the amplified signal is of the 
order of 100 or 200 volts. 

The two amplifiers, corresponding to the two channels 
of the apparatus, are identical except in the following 
respect: The first tube (preamplifier) of the channel of 
measurement is connected to the rest of the amplifier 
by means of a double coupling circuit RC. One of these 
circuits is identical with the corresponding circuit of 
the amplifier of reference. The other one has a time 
constant of far less (of the order of 0.5 microsecond) 
and provides the first preliminary derivation of the re- 
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sponse of the channel of measurement in the case of the 
absorption measurement. 


C. Derwation and Clipping, Electronic Windows, Pulsers 
(Channel of Measurement) (Fig. 6) 


Suppose that one is dealing with the measurement of 
the absorption. The input signal immediately undergoes 
a second derivation by means of the circuit R=5000 
ohms, C= 100 pF. If the signal of the second derivative 
were directly applied to the de amplifier (12AT7), a dis- 
placement of the zero-level as a function of the ampli- 
tude of the signal might result. To avoid this, one con- 
nects, at the input of the 12AT7 and in parallel with the 
resistance R, a set of two crystal diodes with opposing 
polarities. This set provides a preliminary clipping and 
keeps the amplitude of the input signal at low levels. 
Furthermore, since the two diodes have been selected to 
be identical, the zero level can no longer be displaced 
for any amplitude of the input signal. 

The de amplifier is thus used mainly for the amplifica- 
tion of a signal which has already undergone a pre- 
liminary clipping; this is facilitated by the presence of a 
weak positive feedback. 

The pulsers (two thyratrons 2D21) are fed by the 
amplified signal through a decoupling stage ($12AU7). 
However, since the clipping is deep and the amplifica- 
tion high, the system could be activated not only by 
the useful signal but also by any disturbance in the in- 
put voltage (noise, secondary resonances). This possibil- 
ity is eliminated by means of electronic windows (one 
for each thyratron). The windows are synchronized on 
the input signal (the first derivative of the response of 
the measurement cavity for the absorption measure- 
ment). This signal is doubled by means of a phase in- 
verter (412AU7) and it feeds two detection circuits, The 
current flows only near the maximum and minimum of 
the input signal. The corresponding pulses are amplified 
and they constitute the suitably synchronized electronic 
windows. 

In the case of measurement of the refractive index, 
one obtains in the same way two electronic windows, 
but this time the windows appear both in the same 
position, that corresponding to the principal resonance 
of the cavity of measurement. However, the two thyra- 
trons do not work together at the same time, since one 
of them works during the rising part of the clipped sig- 
nal and the other one during the falling part. Therefore, 
one will receive at the output only one pulse. 


D. Respective Circuits of the Channel of Reference (Fig. 7) 


The input signal consists here of the response signal 
itself of the cavity of reference (amplified to about 200 
volts, peak value). The output is double: The two pulses 
received from the output S; correspond to the two side 
maxima of the input signal (measurement of the sweep 
velocity of the klystron). Only one pulse, placed at the 
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maximum of the principal resonance of the reference 
cavity, comes out of the output S. (measurement of the 
refractive index). 

The derivation and the clipping are produced by ex- 
actly the same procedure as in the channel of measure- 
ment. The fronts of the triple rectangular signal thus 
produced, as well as the fronts of the parasite signals 
(Fig. 5, oscillogram 27), feed the mutually short-cir- 
cuited grids of the two thyratrons (Vig and Vig). On the 
other hand, these grids receive the signal of a triple elec- 
tronic window, the apertures of which are synchronized 
to the three maxima of the reference response. Thus, the 
potential level of the three “useful” wave fronts is raised 
relatively to any other wave front. This, however, does 
not result in the triggering of the two thyratrons at the 
positions of the three useful fronts. The polarizations of 
the thyratrons are, in fact, adjusted so that the condi- 
tions of ignition are then satisfied only for the output 
S;, and not for the output S». 

Under such a situation, one should receive three 
pulses at the output S|. However, the screen of the cor- 
responding thyratron (Vis) receives a negative signal 
which is also produced by the circuits of the electronic 
windows and which is synchronized with the maximum 
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of the principal resonance of the input signal (Fig. 5, 
oscillogram 4r). Thus, at the output Si, two pulses only 
are obtained, by means of which the two side maxima 
are pointed out. 

The same pulse of selection (oscillogram 47) is also 
applied to the cathode of the other thyratron (Vio). Its 
action consists of rendering this thyratron, which other- 
wise is kept off, able to select the sole pulse correspond- 
ing to the maximum of the principal resonance of the 
input signal. 

The single (negative) electronic window is produced 
by the method of detection, as in the case of the channel 
of measurement. To obtain the triple window, the re- 
sponse signal of the cavity of reference is forced to pass 
through a crystal diode (OAS) polarized by a cell of 1.5 
volts. The clipping performed by the diode reduces the 
three maxima of the response curve to the same height. 
The remainder of the process is quite evident. 


E. Scale of Two, Integrator and Recorder (Fig. 8) 


The pairs of pulses, obtained as outlined above, cor- 
respond to the time intervals fa, fn, or ty. They are re- 
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Fig, 8—Scale of two, integrator and recorder. 
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peated at the rate of 100 per second and couple, through 
a double diode (V2), to the two plates of a bistable 
multivibrator (Vx). The width of the rectangular signal 
provided with this “scale of two” represents the time 
distance separating the two pulses of the respective pair. 

The rectangular signal received by one of the plates 
of the multivibrator is used, after decoupling (V3), for 
the control of the operation of the scale by means of the 
monitor. 

The rectangular signal from the other plate is applied 
to the grid of an integrating pentode (V2). This tube be- 
comes conductive and supplies a constant current, only 
during the time periods defined by the rectangular sig- 
nal of the scale. The action of the rectifying filter (LC), 
placed at the cathode load of the tube, permits one to 
obtain at the output a direct current proportional to the 
width of the rectangular signal. The proportionality 
factor (of the order of 1 wa/usec) is very stable. 

Finally, since it might be possible for the polarity of 
the rectangular signal of the scale to be inverted because 
of some disturbance, whatever it may be, which would 
put in danger the operation of the apparatus, a set for 
automatic re-establishment of the polarity has been 
foreseen (Vou). 


F. Pressure Circuits (Fig. 9) 


The pulses for the identification of the gas pressure 
(see Section IV-D) are amplified and they feed a mono- 
stable multivibrator. The plate current of its one part 


Fig. 10—Photograph of the apparatus (electronic part). (For the microwave part, please see [2] and [5].) 
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controls the main relay of the apparatus: the appearance 
of a pulse at the input causes the activation of the relay 
which passes, for an adjustable time, from the position 
“measurement” over to the position “pressure marker.” 
The same result, and for any time, can also be obtained 
by means of a press-button (use of the instrument as a 
Q meter). 


G. Monitors 


The operation of the apparatus is controlled by means 
of two monitors (one for each channel of the instru- 
ment). The response signals obtained at the outputs of 
the low-frequency amplifiers appear on the screens of 
the respective cathode ray tubes. 


VI. RESULTS AND CONCLUSIONS 


The photograph in Fig. 10 shows a general view of the 
recording spectrograph. Its performance is comparable 
with that of the spectrograph with synchroscope [2a], 
[5]. The sensitivity remains at the order of 10~* neper/m 
for the absorption and of 10~* for the index of refrac- 
tion. The precision evidently depends on the type of 
measurement (the error can be of the order of 1 per 
cent for the absorption, even less for the refractive 
index). The stability of measurements seems to favor 
the use of a recorder instead of a synchroscope, where 
the calibration is subjected to a permanent control. The 
reproducibility of the measurements is also highly satis- 
factory. 
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Figs. 11 and 12 illustrate an example of measurement 
of the absorption by ammonia. The apparatus is now 
ready and is being used in carrying out some original 
research work. 

In conclusion, we remind the reader of the principal 
features of this recording spectrograph: 


1) Convenient measurements through the use of an 
automatic recorder. 

Possibility of use, after modifications to reduce 
size and weight, as a light, accurate airborne re- 
fractometer (like the existing Crain’s refractom- 
eter [8]). 


bo 
wa 


> pressune (mmHg) 


Fig. 11—Microwave absorption (v=9100 Mc) by ammonia at 20°C. 


absorption 


pressure(mmH g) 


Fig. 12—The recorded curve (Fig. 11) transferred in log-log scales 
(straight line with a slope equal to 1.97: a=(Cte)p!-97). 
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3) Possibility of use as a direct-reading Q meter. 

4) High general performance, due to the application 
of the pulse method to the interpretation of the 
cavity responses. 
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A Cavity-Type Parametric Circuit as a 
Phase-Distortionless Limiter* 


F. A. OLSON{, MEMBER, IRE, AND G. WADE, SENIOR MEMBER, IRE 


Summary—This paper is a study of the properties of a diode 
parametric frequency converter (negative-conductance type) when 
used to perform microwave limiting. Unlike the parametric amplifier, 
the output power of a converter cannot exceed a certain level, re- 
gardless of the amplitude of the input signal. Thus, the ability to 
limit is a fundamental property of regenerative parametric frequency 
converters. An experimental limiter circuit, consisting of two stages 
of parametric frequency conversion, provided an output which was 
constant to within +1 db over a range of input of 50 db, and had 10- 
db small-signal gain. The phase variation was less than seven de- 
grees over the entire range of input power. 


INTRODUCTION 


ROM simple energy-conservation considerations, 

saturation is known to occur both in parametric 

amplifiers and in parametric frequency convert- 
ers.! Since the only energy available to provide ampli- 
fication is that delivered from the pump source, the 
gain of any parametric circuit must decrease as the level 
of the input signal approaches the level of the maximum 
available pump power. For the case of a parametric cir- 
cuit used as an amplifier, the gain may decrease to the 
extent that the circuit appears passive. A typical ex- 
perimental saturation curve for an amplifier is shown in 
rig. 2. 

When used as a frequency converter (the output is at 
the idler frequency), the parametric circuit has a mark- 
edly different saturation characteristic, because the 
idler-frequency power exists only as a result of para- 
metric excitation. The nature of the saturation char- 
acteristic can be predicted from considering the general 
energy relations formulated by Manley and Rowe.” The 
equation relating the power at the idler frequency to the 
power at the pump frequency is 


P(w2) 2 bed 


(1) 
P(wp) Wp 


* Received by the PGMTT, July 11, 1960; revised manuscript 
received, November 10, 1960. This study was performed at the Stan- 
ford Electronics Lab., Stanford University, Stanford, Calif., under 
Contract AF33(616)-6207. . 

epee Res. Directorate, Air Force Res. Div. (ARDC), 
Laurence G. Hanscom Field, Bedford, Mass. k 

t Raytheon Manufacturing Co., Spencer Lab., Burlington, Mass. 

1 The term frequency converter is used throughout this paper to 
describe the parametric circuit when the output is at the idler fre- 
quency (the difference between the pump frequency and the fre- 
quency of the input signal). Parametric up-converters, 1n which the 
frequency is the sum of the pump and input frequencies, are not con- 
sidered in this study. ‘ 

2]. M. Manley and H. E. Rowe, “Some general properties of 
nonlinear elements—part I, general energy relations,” PRoc. IRE, 
vol. 44, pp. 904-913; July, 1956. 


Output Power (dbm) 


(oe) ency Converter 


Input Power (dbm) 


Fig. 1—Typical saturation characteristics of parametric circuits. 


This relation establishes an upper bound on the idler- 
frequency power. That is, the output of the frequency 
converter cannot exceed the level of the pump power de- 
livered to the variable element, regardless of the ampli- 
tude of the input signal. Thus, the ability to limit is an 
inherent property of regenerative parametric frequency 
converters.* A typical large-signal response of a con- 
verter is compared with the response of an amplifier in 
Big a1: 

It should be noted here that parametric circuits em- 
ploying semiconductor diodes are not envisioned as lim- 
iters in high power applications, for obvious reasons. 
However, these circuits may be suitable for other ap- 
plications. A need exists, for example, for phase-distor- 
tionless limiting at moderate power levels in microwave 
systems that utilize phase detection, since the phase de- 
tectors presently employed are amplitude sensitive. 
Furthermore, the capabilities of parametric limiters may 
be extended into other power ranges through the use of 
variable reactance elements other than semiconductor 
diodes. 


3F, A. Olson, C. P. Wang and G. Wade, “Parametric devices 
tested for phase-distortionless limiting,” Proc. IRE, vol. 47, pp. 
587-588; April, 1959. 
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THEORY OF SATURATION 


The mechanism of saturation in a parametric circuit 
can be found from a first-order analysis of the model 
circuit shown in Fig. 2. The circuit is made up of three 
tuned tanks and the parametric diode. It is assumed 
that the loaded Q’s are sufficiently high for each resonant 
tank so that voltage components exist at only three 
specified frequencies - + - wi, w, and w,. These frequen- 
cies are related by : 


@1 + we = wp, (2) 


and are termed the signal, idler and pump frequencies, 
respectively. 

The diode is considered to consist of a conductance, 
a steady capacitance, and a voltage dependent capaci- 
tance. To simplify the notation, the conductance and the 
steady capacitance are included in the elements making 
up each resonant circuit. The voltage dependent part of 
the capacitance is assumed to be of the series form 


C= Kw Ko? +---., (3) 


However, for a first-order analysis, it is sufficient to con- 
sider the variable capacitance to be a linear function of 
the voltage (C= Ky). 

The gain of the circuit shall be defined as the trans- 
ducer gain: that is, the ratio of the power dissipated in 
the load conductance P to the power available from the 
source Pays. 

From an analysis of the form used by Heffner and 
Wade?‘ and others, one finds the gain of the circuit, when 
used as an amplifier operating on resonance, to be 
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C = kyv + ko 


Ge. * Biz 


Resonant 


Resonant 
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erat a 


Resonant 
frequency % 


Fig. 2—Model for the parametric circuit. 


I,,=signal-source current generator 
Gy: =signal-source conductance 
Gen =conductance due to circuit and diode losses 
Gri=load conductance 
L,=inductance of tuned circuit 
C,=capacitance of tuned circuit including the steady capaci- 
tance Cy of the diode 
Iy,)=pump-source current generator 
Gy» = pump-source conductance : 
C=the voltage-dependent part of the diode capacitance 
n=1,2,p 


Thus, when the input level is large, the relation for the 
output power of the amplifier becomes 


4GyiGri 


P1(o1) at ( G 
t1 


) Poul), (6) 
which is just the passive response of the circuit when 
no pump power is applied. A decrease in pump power 
delivered to the circuit is, in fact, just what occurs when 
the input signal at frequency w, becomes large, since 
large signals produce a mismatch in the pump circuit. 
The gain of the parametric circuit when used as a 


i 4GyiGui (4) frequency converter (the output is at the idler frequency) 
§ wwoK PAG ppProp 2” is defined as the ratio of the idler-frequency power dis- 
Gu — ; aC sipated in the load, Pz(w2), to the power available from 
wpwok 4 ViVi th h : | : : 
EN ero ae eS e source at the signal frequency, Pavs(@i). This is a 
Gir conversion gain 
wo" K 74°G51GgpGr2Pavp 
8c = K2V.Vi*\2 ae 2 (7) 
Ga? (4, a wpw2K ViVi ) se w1w2K y4GopPavp 
2 w,woK y7ViVy*\? 
Ge( Go a ee) 
Giz 


where Gu, Gy, and Grp represent the sum of the con- 
ductances of the respective circuits. The value of this 
expression for large signal levels (for large V1) is ap- 
proximately 


_ 4GnGrs 


§ 
Gi? 


(S) 


_ ,* H. Heffner and G. Wade, “Gain, bandwidth and noise character- 
istics of the variable-parameter amplifier,” J. Appl. Phys., vol. 29, 
pp. 1321-1331; September, 1958. 


which, at large signal levels, can be approximated as 


1 2 
Vi 7) 


Thus, unlike the amplifier, where the gain approaches 


¢ & (Constant) ( (8) 


.a constant as the signal level increases, the gain of the 


frequency converter continues to decrease with increas- 
ing input power. For large input levels, then, the rela- 
tion for the output power of the converter becomes 
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P (2) ~ (Constant) ( (9) 


) 
(25 (aay e 


Remembering the fact that large signals produce a mis- 
match in the pump circuit, and hence, less pump power, 
we note from (1) that this decrease in pump power cor- 
responds to a decrease in the maximum value of the 
power at the idler frequency. Thus, the large-signal rela- 
tion of (9) is consistent. 

Calculated saturation characteristics for both the 
amplifier and the converter are shown in Fig. 3. It is 
apparent from the nature of the saturation curves that 
the frequency converter is considerably more suitable 
than the amplifier for performing microwave limiting. 


ale 


Frequency Conver 


Output Power (dbm) 


Input Power (dbm) 


Fig. 3—Calculated saturation characteristics of parametric circuits. 


LARGE-SIGNAL PULSE RESPONSE 


It is appropriate to consider the pulse response of the 
parametric frequency converter since many limiters allow 
an undesired spike to be transmitted at the leading edge 
of a pulse. In ferrite limiters, for example, the mecha- 
nism producing the attenuation of large microwave sig- 
nals has a build-up time associated with it, during which 
time the RF signal is not attenuated, and a transmitted 
spike of large amplitude results.’ For high-power opera- 
tion, this spike is very detrimental, and hence, of major 
importance. For low-power applications, where diode 
parametric circuits are useful, a spike is bothersome but 
of less practical importance. However, since the power 
handling capabilities of parametric circuits may be ex- 
tended through the use of variable reactance elements 


5G. S. Uebele, “Characteristics of ferrite microwave limiters,” 
IRE Trans. on MicrowavE THEORY AND TECHNIQUES, vol. MTT- 
7, pp. 18-23; January, 1959. 
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other than semiconductor diodes, the pulse response of 
these devices is worthy of consideration. 

For the case of a limiter employing parametric fre- 
quency conversion, one can reason without a detailed 
analysis that the pulse response cannot result in a trans- 
mitted spike. First, note that the operation of other 
limiters depends upon some energy-absorbing mecha- 
nism being triggered by a large amplitude signal. Be- 
cause there is a build-up time associated with the 
occurrence of this mechanism, there is a short time 
during which the large signal is allowed to pass through 
unattenuated; hence, a transmitted spike results. In 
contrast to this, the basic mechanism of the limiter being 
considered here is the conversion of energy to another 
frequency, with the efficiency of conversion being ampli- 
tude dependent. Because the frequency of the output is 
different from that of the input, any delay or build-up 
time associated with the conversion mechanism will re- 
sult in a delayed output rather than a large amplitude 
spike. That is, there is no output without the conversion 
process, since the input signal cannot be simply trans- 
mitted through the circuit. 

What then, can one predict for the pulse response of 
a parametric frequency converter? Consider a large 
amplitude input pulse at frequency w;. During the initial 
portion of the pulse, when the fields at @; are building 
up in the circuit, the interaction of these small-signal 
fields and the pump produces idler-frequency fields of 
essentially the same build-up time, since the idler power 
is proportional to small-signal input power. As the fields 
at w; build up to large amplitude, saturation takes place 
in the circuit, 7.e., large amplitude signals create a mis- 
match in the pump circuit which reduces the pump 
power, and hence, the conversion gain decreases. Al- 
though it has not been checked experimentally, one can 
expect the change in pump power to occur as rapidly as 
the build-up of the large amplitude input signal. Thus, 
the saturation of the circuit should take place smoothly, 
and the output pulse should be a slightly-rounded, re- 
duced-amplitude replica of the input pulse. 


LARGE-SIGNAL PHASE RESPONSE 


We now need to consider the phase response of the 
parametric frequency converter under large-signal con- 
ditions, since phase-distortionless limiting is our objec- 
tive. From the first-order analysis, which approximates 
the capacitance as a linear function of the voltage, one 
can find that the phase response of the circuit is inde- 
pendent of the signal level for operation on resonance. 
However, from the typical diode capacitance curve 
shown in Fig. 4, it is apparent that the linear approxima- 
tion is not generally valid except at large values of bias 
voltage. At large bias, the slope of the capacitance curve 
is decreased (the gain of the circuit is reduced), so one 
must make a compromise between the value of gain de- 
sired and the amount of nonlinearity tolerable. Gener- 
ally, after such a compromise, the amount of nonlinear- 
ity is appreciable, and thus, it is necessary to include 
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Fig. 4—Diode capacitance vs bias voltage. 


the second-order term in the expression for the capaci- 
tance, (3), in order to determine the phase behavior of a 
parametric circuit. 

From an analysis that includes the second-order term 
in the capacitance expression, one finds little change in 
the saturation characteristic of the parametric circuit, 
but considerable phase variation at large-signal levels.® 
The inclusion of the second-order term has the effect of 
introducing an additional capacitance in the circuit. 
This additional capacitance has a second-order depend- 
ence on the voltages; hence, it produces considerable 
variation in the phase response at large-signal levels. 
Phase distortionless performance, then, requires a diode 
with a linear capacitance-voltage curve or a method of 
compensating for the phase variations. Because diodes 
with the desired characteristic are not presently avail- 
able, a phase compensation technique must be em- 
ployed. 


A PARAMETRIC LIMITER CIRCUIT 


In order to increase the range of limiting and to pro- 
vide a means of compensating for the phase distortion 
resulting from the nonlinear capacitance-voltage curve, 
a two-stage limiter circuit was devised, as shown in 
Figs) 

This limiter circuit consists of two parametric fre- 
quency converters connected in series. Each of the two 
stages of the circuit is considered to consist of a non- 
linear capacitor and three resonant circuits, much like 


6 F. Olson, “The Large-Signal Properties of Microwave Cavity- 
Type Parametric Circuits,” Stanford Electronics Lab., Stanford 
University, Stanford, Calif., Tech. Rept. No. 315-1; 1960. 
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the model circuit of Fig. 2. The circles represent the 
resonant circuits, tuned to the indicated frequency. The 
input signal at frequency @: is converted in the first 
stage to an output signal at w. This signal at frequency 
ws is sent to the second stage, where it is converted into 
an output signal at frequency w1:. One characteristic of 
this limiter circuit is already apparent: the frequency 
of the output signal is the same as the frequency of the 
input signal. 

An increased range of limiting results from the use of 
more than one stage of frequency conversion. That is, 
the saturation characteristic of the two-stage para- 
metric limiter is a combination of the saturation char- 
acteristics of the individual converters, assuming that 
there is adequate isolation between the stages so that 
each frequency converter is unaffected by the other. 


Nonlinear Capacitor Nonlinear Capacitor 


Signal 
Input 


Output 
Signal 


ata, 


Pump input 


Fig. 5—Diagram of a parametric limiter circuit. 


In a two-stage circuit, there is also the possibility of 
adjusting the phase responses of the individual stages 
so that the over-all phase response is nearly independent 
of signal level. That is, the phase behavior of a converter 
is dependent on the nature of the bias (self bias or fixed 
bias), the value of the bias voltage and the level of the 
pump power, the characteristics of the particular diode 
used, and the elements of the resonant circuits. By 
proper selection of these parameters, it is theoretically 
possible to tailor the phase response of each converter 
so that the sum of the individual phase variations is 
nearly zero. Experimentally, one can presumably meas- 
ure the phase vs power characteristic of each converter, 
make suitable adjustments, and superimpose the char- 
acteristics to achieve phase distortionless performance. 
In our experiment, however, it was more expedient to 
monitor the phase behavior of the entire limiter circuit 
and adjust the parameters until the resultant phase re- 
sponse was suitably independent of power level. 


EXPERIMENTAL RESULTS 


Measurements were made of the properties of an ex- 
perimental limiter circuit of the form shown in Fig. 5. 
An input signal at 3720 Mc was converted in the first 
stage to a signal at 1780 Mc, which was then converted 
in the second stage to an output signal at 3720 Me. 

The best measured phase and limiting characteristics 
are shown in Fig. 6. The power output of the circuit 


Degrees Phase Change 


Diode of Ist. stage biased at 1.0 V 
Diode of 2nd. stage sel{-biased 


Power Output (dbm) 


Power Input (dbm) 


Fig. 6—Best measured phase and saturation characteristics 
of the parametric limiter. 


remained at —18 dbm +1 db for input levels from — 20 
to +30 dbm, and the circuit had about 10-db small- 
signal gain. Although there was phase variation present 
in each of the converter stages, the over-all phase varia- 
tion was slight, since a proper selection of bias conditions 
(fixed bias for the first stage, self bias for the second 
stage) provided adequate phase compensation. When 
properly tuned for on-resonance operation, there was an 
over-all phase change of less than seven degrees over the 
entire range of input power. 
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The frequency range of the limiter, for phase distor- 
tionless performance, was found to be small, since the 
phase distortion increased rapidly for operation slightly 
off resonance. The individual frequency converters must 
be composed of circuits having more bandwidth than 
simple tuned circuits if phase-distortionless performance 
is to be achieved over a range of frequencies. Wide-band 
circuits, such as those described by Matthaei,’? would 
be helpful in extending the bandwidth of the limiter. 


CONCLUSION 


Saturation occurs in parametric circuits when the in- 
put signal level approaches the level of the pump power. 
A first-order theory is adequate to describe the mecha- 
nism of saturation. However, a higher-order analysis is 
required if information is to be obtained about the phase 
behavior at large signal levels. Second-order effects, 
which occur if the capacitance-voltage curve of the diode 
is not linear, cause the phase response of any parametric 
circuit to be a function of the signal level. 

A combination of parametric frequency converters 
can be used to perform good microwave limiting, and, 
under certain conditions, limiting without phase distor- 
tion. In addition, no spike can be present in the pulse 
response of limiters of this type. However, for phase- 
distortionless performance to be achieved over a range 
of frequencies, the individual frequency converters must 
be composed of circuits having more bandwidth than 
simple tuned circuits. Also, a substantial improvement 
in the operation will result if diodes with linear capaci- 
tance-voltage curves are developed, since this would 
eliminate the source of the phase variations, and hence, 
the need for a phase compensation technique. 


7G. L. Matthaei, “A Study of the Optimum Design of Wideband 
Parametric Amplifiers and Up-Converters,” presented at the Micro- 
waves Theory and Techniaues Symp., Coronado, Calif.; May, 
1960. 
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A Stripline Frequency Translator* 


ELISABETH M. RUTZ}, SENIOR MEMBER, IRE 


Summary—A frequency translator is discussed which operates at 
C-band frequencies. The modulators in the frequency translator are 
crystal diodes, and modulation is obtained by periodic variation of 
the reflection characteristic of the crystal modulators. The conver- 
sion loss of the frequency translator is 6.5 db at 8-mw input power. 
The unwanted sidebands are at least 25 db below the translated sig- 
nal. 


I. INTRODUCTION 


FREQUENCY translator in stripline technique 
operating at C-band frequencies was developed 


in a program of miniaturizing microwave com- 
ponents. In the frequency translator, crystal modulators 
are connected to the symmetrical ports of a hybrid junc- 
tion. The arms to which the modulators are connected 
differ in length by an eighth of a wavelength. The 
modulating voltages which drive the crystal diodes are 
in phase quadrature. The modulation characteristic of 
the crystal diodes is such that each diode effectively 
operates as a balanced modulator. The frequency trans- 
lator is similar in principle to the continuous phase 
modulator which has been described before.! 


II. ANALYsIS 


The performance of the frequency translator can be 
analyzed by correlating the transmission and reflection 
characteristics of the individual circuit elements. An 
RF signal entering port 1 of the hybrid junction in Fig. 1 
is divided and directed into the symmetrical arms of the 
hybrid, which differ in length by an eighth of a wave- 
length. Semiconductor diodes are placed at ports 2 and 
3 of the hybrid. 


Oy, 4 @ 
OUTPUT 


MODULATOR 


® @ 


INPUT MODULATOR 


Fig. 1—Schematic of frequency translator. 


The impedance of the crystal modulators is varied 
periodically with the phase of the modulation voltage. 
The reflection characteristic of the crystal diodes when 
operated as modulators is such that a microwave signal 
which is reflected by each of the crystal diodes has the 


* Received by the PGMTT, September 8, 1960; revised manu- 
script received November 16, 1960. 

+ Emerson Research Laboratory, Silver Spring, Md. 

1 E. M. Rutz and J. E. Dye, “Frequency translation by phase 
modulation,” 1957 IRE WESCON Convention Recorp, pt. II; 
pp, 201-207. 


characteristics of the output of a balanced modulator. 
The variation of the reflection coefficient of the crystal 
diode with the phase of the modulation voltage, A cos wit, 
which results in the balanced modulator characteristic, 
is sinusoidal; it can be represented by: 
T = [po cos wit (1) 
where Ip is a constant and w;/27 is the modulation fre- 
quency. The modulation voltages which are applied to 
the diodes in port 2 and port 3 are in phase quadrature. 
A scattering matrix presentation describes the per- 
formance of the frequency translator. A scattering ma- 
trix of hybrid junction is given by 


0 v2 e JBL ve ef BL+1/4) (0) 
2 
ue e iBbL 0 0 ee ee 
Tay 
we e-iBL+r/4) QO 0 Ve es 
2 
) we e i8L we e-f(BL+5r/4) Cy 
2 Zk 


Input signals are given by 

R(e%0") 
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where (et) is the real component of the complex 


rotating vector representing the incident wave at port 1. 
Outgoing signals are given by 


1 
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The outgoing microwave signal at port 4 is translated 
in frequency by the modulation frequency. Dependent 
on the relative phasing, the signal is translated either 
to the lower or higher sideband. In the scattering matrix 
presentation, the phase of the modulating voltage which 
drives the crystal diode in the shorter arm of the hybrid 
is lagging. It follows from the RF and ac phase relation 
that the output signal is translated to the lower side- 
band. The opposite result is obtained by reversing the 
relative phase of the modulating voltages. Because of 
the geometry of the hybrid junction and the length of its 
arms, half of the modulated energy is coupled into port 
1 of the frequency translator. The signals at port 1 and 
port 4 are translated to opposite sidebands, since there 
is an inherent difference in RF phase of 180° between 
port 1 and port 4 of a hybrid junction. 

The amplitude of the translated signal is proportional 
to Ip in (1), and the conversion efficiency of the fre- 
quency translator is optimized when I") becomes one. 


III. MopULATION CHARACTERISTIC OF THE 
CrysTtTAL DIODES 


The crystal modulators in the frequency translator 
are p-type silicon diodes, and are series elements termi- 
nating the symmetrical ports of the stripline hybrid junc- 
tion. The modulation characteristic represented by (1) 
requires that the amplitude of the microwave signal re- 
flected by the diode vary with the cosine of the phase 
of the modulating voltage, while the RF phase of the 
signal changes suddenly by 180° whenever the ampli- 
tude becomes zero. In Fig. 2 the variation of the reflec- 
tion coefficient is given, which is obtained with the 
crystal modulators in the frequency translator for differ- 
ent bias voltages. The absolute value of the voltage 
reflection coefficient is approximately 0.85 at —1 volt, 
which decreases with decreasing negative voltage and 
becomes very small for zero volt. With increasing posi- 
tive voltage, the absolute value of the voltage reflection 
coefficient increases, its phase changes by 180°, and for 
a positive voltage of approximately 0.6 volt, || be- 
comes 0.85. 

A close approximation of the modulation character- 
istic represented by (1) can be obtained with the crystal 
diodes by shaping the modulation voltage such that the 
peak voltage is 1 volt when driving the crystal in the 
nonconducting state and 0.6 volt when driving it in 
conduction. For comparison, the variation of the voltage 
reflection coefficient as represented in (1) for the asym- 
metrical modulation voltage is shown in Fig. 2. 

The modulation characteristic of the crystal diode can 
be derived from the equivalent circuit of the diode, as 
given in Fig. 3.” 

The equivalent circuit elements of the diode cartridge 


2R. V. Garver and J. A. Rosado, “Microwave diode cartridge 
impedance,” IRE TRANS. ON MIcROWAVE [THEORY AND TECHNIQUES, 
vol. MTT-8, pp. 104-107; January, 1960. 
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are the whisker inductance L and cartridge capacitance 
Ce. The equivalent circuit elements of the metal-to- 
semiconductor junction are the nonlinear resistance R, 
which is shunted by the nonlinear capacitance C. The 
two are in series with the linear spreading resistance 7. 

The variation of the nonlinear resistance and the 
nonlinear capacitance with bias voltage is given in Fig. 
4, and shows the rapid decrease of the nonlinear resist- 
ance and the increase of the nonlinear capacitance with 
forward bias. The spreading resistance was found to be 
comparatively small. 
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Fig. 2—Variation of voltage rection coefficient of the 
crystal modulator with bias voltage. 
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Fig. 4—Equivalent circuit elements of the metal-to-semiconductor 
junction of a C-band silicon diode as a function of bias voltage. 
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For large negative bias, the barrier reactance 1/wC 
approximates at C-band frequencies the conjugate of 
the whisker inductance wl. The equivalent circuit of 
the diode for large negative bias can be simplified, and 
effectively becomes a series resonant circuit formed by 
the whisker inductance and barrier capacitance operat- 
ing closely below resonance, in series with the inversed 
value of the nonlinear resistance. The cartridge react- 
ance 1/wC, is large compared to these values and can be 
neglected. The normalized RF impedance which the 
diode represents for large reverse bias is very small. 

At positive bias the nonlinear resistance R and the 
nonlinear capacitive reactance 1/wC are small. The RF 
impedance of the diode is determined primarily by the 
cartridge capacitance and the whisker inductance which 
form a shunt resonance circuit. At C-band frequencies 
this resonant circuit operates below resonance. The real 
and imaginary parts of the normalized RF impedance 
for positive bias are comparatively large. The real part 
is the nonlinear resistance of the junction, which is 
stepped up by the ratio of operating frequency to 
resonant frequency of the resonant circuit, and is in 
series with an inductive reactance resulting from opera- 
tion of the shunt resonant circuit below resonance. 

At zero bias no resonance phenomena occur; the 
equivalent circuit elements in Fig. 3 are all of about the 
same magnitude. The normalized RF impedance of the 
diode is close to one. 

The modulation characteristic of the crystal diodes 
follows from the behavior of series and shunt circuits 
when operated close to resonance. The absolute value 
of the impedance of a series resonant circuit is small. 
The absolute value of the impedance of a shunt resonant 
circuit is large. When operated below resonance, the 
phase angle of the impedance of the series resonant cir- 
cuit is negative, and the phase angle of the shunt reso- 
nant circuit is positive. The absolute value of the volt- 
age reflection coefficient for series and shunt resonant 
circuits is close to one. The phase angle of the respective 
voltage reflection coefficients differs by approximately 
180°. The absolute value of the voltage reflection co- 
efficient and the phase relation between series and 
shunt resonant circuits is preserved over a compara- 
tively wide range of frequencies if both circuits operate 
on the same side of the resonance curve. 

With decreasing bias voltages, the nonlinear resist- 
ance and the nonlinear capacitance change in magni- 
tude, and the resonance phenomena no longer are pre- 
served. The absolute value of the voltage reflection co- 
efficient decreases, and the difference in the phase angle 
of the voltage reflection coefficient between positive and 
negative bias voltages becomes smaller. 

In the frequency translator, modulation is obtained 
by variation of the reflection characteristics of the crys- 
tal modulators which reflect primarily the RF power and 
absorb only a comparatively small amount of the power. 
In conventional modulators, the entire RF power is ab- 
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sorbed by the nonlinear elements in order to convert it 
into power at different frequencies. Because of the 
difference in operation, the crystal diodes in the fre- 
quency translator can be operated at a higher power 
level than when used in conventional modulator cir- 
cuits. 

It seems to be of interest to mention that variable 
capacitance diodes were considered as modulators in the 
frequency translator; however, they do not perform 
satisfactorily at the present time in this application. The 
reasons for this are: 1) variation of the phase of the 
voltage reflection coefficient of 180° with bias voltage 
as required by the balanced modulator characteristic 
cannot be obtained with the varactors; 2) the range of 
phase variation is less than 150° at C-band frequencies 
at the present time; 3) the range is limited for large re- 
verse bias by voltage breakdown and for forward bias 
by a resistance in series with the variable capacitance. 
However, development of varactors is directed towards 
increasing the breakdown voltage and decreasing the 
series resistance, thus widening the range of phase 
variation. 


IV. STRIPLINE FREQUENCY TRANSLATOR 


The stripline frequency translator is shown in Fig. 5. 
At the comparatively high operating frequencies an air- 
dielectric transmission line is used, which combines the 
advantage of a strip transmission line and a coaxial line. 


Fig. 5—Stripline frequency translator. 


The transmission line is similar to the conventional strip 
transmission line with one exception: the spacers which 
support the inner conductor board are of metal, where 
top and bottom spacers are kept at the same electrical 
potential. The spacers are moved comparatively close 
to the inner conductor, and are placed in a region in 
which the electrical field strength is approximately 10 db 
below the field strength in the center of the transmission 
line. The transmission line rejects all propagation modes 
except the TEM mode. 
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The hybrid junction is of the conventional type. To 
obtain isolation between input port and output port, the 
length of one transmission path of the ring differs by a 
half wavelength from the symmetrical path. At C-band 
frequencies the dimensions of the transmission lines 
which form the ports of the hybrid ring are no longer 
very small compared to the wavelength. To decrease 


‘their dimension, the characteristic impedance of these 


lines was increased. Mechanical considerations set a 
limit to the highest characteristic impedance of the 
stripline, which is approximately 100 ohms. 

To dimension the hybrid ring correctly, the phase 
velocity in the stripline has to be known. The phase 
velocity in stripline deviates slightly from its value in 
air because part of the fringing electrical field penetrates 
the dielectric which supports the inner conductor. The 
percentage of fringing field increases with decreasing 
strip width. Consequently, the phase velocity decreases 


with increasing characteristic impedance. 


The crystal modulators are placed in series with the 
symmetrical port lines of the hybrid junction. The de- 
sign of the crystal mount is shown in Fig. 6. A stripline- 
to-coaxial-line transition is the receptacle for one ter- 
minal of the crystal. In order to match the crystal im- 
pedance to the 70-ohm port line, the crystal diode is 
placed in a small cavity which is obtained by shaping 
the ground planes of the port line. The height and width 
of the crystal mount hardly exceed the height and width 
of the stripline. 

The spectrum of the frequency translator output, 
given in Fig. 7, was measured at 8-mw input power 
where the measured conversion loss was 6.5 db. The un- 
desired sidebands are at least 25 db below the translated 
signal. 
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Fig. 6—Crystal holder. 
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An Approximate Solution to Some Ferrite Filled 
Waveguide Problems with Longitudinal 


Magnetization’ 


SHELDON S. SANDLERF 


Summary—An approximate solution for the field structure and 
propagating modes in parallel plane, circular, and coaxial ferrite 
filled waveguide is presented. Bundles of plane waves are assumed 
to propagate in these structures which bounce back and forth along 
the guide. The solutions are classified into two types depending on 
the negative or positive equality of the incident and reflected waves. 
In the case of the circular guide the waves form a cone, and in the 
coaxial guide they form a frustum of a cone about the axis. The ele- 
mental plane waves are also assumed to satisfy Polder’s relation and 
the boundary conditions at the guide walls. Simple relations are ob- 
tained with this equivalence for the propagation constant and the 
field. Comparison to rigorous theory is made in the case of the paral- 
lel plane and circular guide. Some experimental verification is pre- 
sented for the completely filled coaxial waveguide. 


INTRODUCTION 


HE solution of the propagating modes in a gen- 
eral cylindrical guide has been given by Kales [1] 


and Suhl and Walker [2]. With these formulations 
the researcher is faced with an almost insurmountable 
computational problem for the propagation constants 
and the field configurations in practical waveguide struc- 
tures. It is not the purpose of this paper to reformulate 
the problem, but rather to present an approximate 
method which will lend insight into the phenomenon 
and ease some of the computational difficulties. 

The method is based on a well-known result in iso- 
tropically filled waveguide. The result shows that the 
solution to the rigorous boundary value problem in 
parallel-plate guide may be visualized as a set of plane 
waves bouncing back and forth along the guide. The 
results of using the plane wave picture are identical to 
the rigorous results. For example, in the cutoff condition 
the plane waves move at right angles to the longitudinal 
axis of the guide. It will be demonstrated that the same 
picture may be applied to a parallel-plate ferrite filled 
waveguide. Furthermore, the same method may be ex- 
tended to the completely filled circular and coaxial 
waveguide. 

The results of the approximate method will be com- 
pared to the rigorous results for the completely filled 
parallel-plate guide given by Brodwin [3] and the com- 
pletely filled circular guide given by Gamo [4]. Since 
no results have been published on the completely-filled 


* Received by the PGMTT, September 15, 1960; revised manu- 
script received, November 28, 1960. The research reported herein 
was supported in part by the AF Cambridge Res. Ctr., Air Res. and 
Dev. Command, under Contract AF 19(604)-5234 and in part by the 
Naval Bureau of Ships under Contract NObsr 77602. 

{ Electronic Communications Inc., Timonium, Md. 


coaxial line, these results will be presented with some 
verification from experimental measurements. 


THE METHOD 


An explanation of the approximate method might 
best begin from a crude discussion of the most elemen- 
tary isotropic waveguide, the parallel-plate guide. It has 
been shown by many authors that the rigorous solution 
is equivalent to a set of plane waves bouncing back and 
forth along the guide. Consider a plane wave impinging 
on a semi-infinite perfect conductor as shown in Fig. 1. 
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Fig. 1—Plane wave impinging on perfect conductor. 


From geometrical considerations, the phase factors of 
the tangential incident and reflected waves of Fig. 1 
are given by 


Ei; ~ & e778 08 92-76 sin bx 
ie ~ E,e—# cos 82+78 sin 6x (1) 


Since the tangential components of the electric field 
must be zero at x=O for all z, then 6;= —&, and 


Titans c= sin (6x sin 6) e768 cos Oz (2) 


Eq. (2) represents a standing wave in the x direction 
and a traveling wave in the z direction. Note that an- 
other plate may be inserted at x=a if 


Ba sin 0 = Om, (3) 


/ 


where 


(TM TYPE, 
Um = MT 


Mom 10 Soeur s 
ve BY is 


Eq. (3) may be shown to be identical to the rigorous 
expression for 8 derived from the boundary value prob- 
lem. Similarly, for a TE type (TET) solution the phase 
factors of the incident and reflected H waves are given 
in the same form as (1). The boundary condition is then 
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placed on the normal component of H with the result 
if orm HOS) (6x sin 6) eB cos bz. (4) 


The above result was obtained by representing the in- 
cident and reflected H field in the form given byaCh)s 
In this case, the origin must be shifted to the center of 
the guide and the walls placed at x= +a such that 


Basin 6 = wl (5) 


where 
vl = In/2, jh The a 


Gib yP Be oO brT”). 
The preceding discussion has been given purposely in 
a nonrigorous manner as an introducton to a more in- 
volved treatment. The general vector form of the in- 
cident and reflected waves of Fig. 1 is given by 


E; = (E;; - Eo: + E.;)e-# cos 6z—78 sin 0x 
pa (Ee oe Poy + E,,)e—# cos 6z+78 sin Ox (6) 


Two different types of solutions will be considered. 
For the first type the magnitude of the reflected com- 
ponents tangential to the metal guide walls will be equal 
in magnitude and sign to the incident tangential com- 
ponents. The second type has reflected components 
which are equal in magnitude and opposite in sign to the 
incident tangential components. These results are sum- 
marized below for the parallel-plate guide 


Ey; = Ey, 
TET (7) 
Ei = Ee 
E oa ae E z 
i 7 \ TMT. (8) 
dD = Sa 1 pe 


Note that (7) corresponds to a boundary condition (b.c.) 
of type (5) and similarly (8) corresponds to (3). 

Now consider the same waveguide completely filled 
with a ferrite characterized by a tensor permeability of 


2 


(uw? — p — w’?) sin? 6 + Qu + [(u2 — pw — pw’)? sin’ 6 + 4u” cos? g]1/2 
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the following form 


| i 
USHol je pw Of. (9) 
| 0) 0) 1 


The particular solutions presented in this paper will 
consist of bundles of plane waves, satisfying boundary 
conditions of type (3) or (5) at the guide walls. The 
angle of propagation @ given by (3) or (5) must also be 
the angle 6 for propagation of a plane wave in an infinite 
medium. The well-known result for the propagation of a 
plane wave in an infinite ferrite medium is due to Polder 
[5] and is summarized below for convenience. 

Let § be the direction of the wave (see Fig. 2) and 


n> 


y 


Fig. 2—Coordinate system for Polder’s relation. 


y=j6, the corresponding propagation constant. Then 
Maxwell’s equations reduce to 


v§ X E = — jouh (10) 
ys X h = jock. (11) 


Eqs. (10) and (11) may be combined to give the follow- 
ing wave equation 


y?[5($--h) — h] — wych = 0. (12) 


With the assumption hA#0, (12) may be solved for 
ey Ok 


7? = — oboe 


2[(u — 1) sin? 6+ 1| 


(13) 


Since the assumption is that plane waves are propa- 
gated, the value of @ in (13) must be identical to the 
value of 6 in (3) or (5) or 


Um ; 5 12\2 om : 12 Um” gf 
enw (G2) tae [Oa 29 Elser) 


(14) 


oe 
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where 
9 / 9 
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I 


B,? 


Ay AWr/ Loe. 


Eq. (14) may be solved directly for 6? in terms of 
Lt, L’, Um, and a. Note that the solution for 6B (13) isa 
function of the on-diagonal permeability u. The results 
computed in this paper will assume a value of w=1, 
which is known to be a fairly good approximation for 
small anisotropies. It is important to note the simplicity 
of the expressions for the field and propagation con- 
stants compared with the classical results for the gen- 
eral case. 

For w=1, (14) reduces to 


.) 


The individual plane wave components satisfying (12) 
must be investigated to see which are TMT or TET. 
These actual plane wave components may be computed 
from (12) arranged in the matrix form given by 


BE cos? 6-+ wupoe 
Jou" Loe 
| —vy’ sin 6 cos 0 0 


—jw*p'uoe —y? sin 6 cos ") hy 
y+ w>umoe 0 hy 
Ih 


y? sin? 6+ wuW9€ 


210.8 (46) 


The result (13) was found by noting that with h40 
the determinant of the coefficients must be zero. The 
result gave two possible values of y?, y,? and y_?. In 
general the determinant of (16) is of rank two, which 
is one less than the number of unknowns. The values of 
the h’s in (16) are proportional to the cofactors of the 
coefficients in any row of the matrix (16). 

The following three sets of polarization vectors repre- 
sent three possible solutions 


hy = Cy(y? + w*upoe) (y? sin? 6 + wp) 


hy = Ci(jw>p' woe) (y? sin? 6 + wuoe) 


h. = Cil(y? + wupoe) (y? sin 6 cos 6), (17) 
hz = Co(—jo*p' woe) (y? sin? 6 + we) 
ly = Ca} (7? cos? O + wupoe)(y? sin? 6 + woe) 
— y* sin? 6 cos? 0} 
2 = Co(y? + w*umoe)(y? sin 8 cos 8), (18) 


h 
hz = C3(y? + w*upoe)(y? sin 6 cos 0) 
hy = C3(jw?u'uoe) (y? sin 6 cos 6) 

h 


2 = Cal (7? + w2upoe) (7? cos 6 + wppioe) 
— (wy"woe)?}. (19) 
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Kales! has shown that at the cutoff condition (1.e., 
§=7/2) the classical hybrid solution reduces to the nor- 
mal TE and TM waves. The plane wave solutions (17)— 
(19) will be examined near cutoff. For the case 0=7/2, 
y?= —wue and the only nonzero solution is (19). The 
E and H components of this wave are shown in Fig. 3. 
This wave reduces to the TE-type wave at cutoff. 
On the other hand, if @=7/2 and y2= —w?uoe(u? — pw’) /w 
then (17) and (18) reduce to the TMT wave shown in 
Fig. 4. 

With 6<7/2 both the y,? and y_? waves may be 
shown to satisfy TMT or TET b.c. with some degree 
of approximation. The degree of satisfaction of the b.c. 
of the correct type is found by noting the phase and 
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Fig. 4—Components of y, wave at cutoff. 


1 Kales [1], op. cit., p. 605. 
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magnitude of the incident and reflected tangential 
waves. All TMT waves must satisfy (8) and TET waves 


must satisfy (7). The electric field is easily found from 
(1108 


a 
E = — [—cos 0h.& + (hz cos 0 — h, sin 6)# 


Je 


+ hy, sin 62]. (20) 


The problem of satisfying (7) or (8) reduces to the 
determination of the evenness or oddness of the tan- 
gential E field of a particular solution. For example the 
TET solution (19) has the following properties for 
Gar (2 


Fee == i. 
Es: — =e ee (21) 


Note that the E. components satisfy TET b.c. for all 
values of @ while the £, components do not satisfy the 
b.c. Consider now the TMT particular solution (18) 
where 


Ey: = 
yee —= 


=e dsr 


— E.,. (22) 


Note that in this case the E. component satisfies the 
TMT b.c., and the Fy, component does not satisfy the 
b.c. The behavior of the £, component at the boundary 
must be investigated further by finding the ratio of 
E, to E,. This ratio may be computed from (20) with 
(17)-(19). The results for some representative values 
shown in Figs. 5 and 6 yield the ratio (Z,/E,) <0.07. For 
each solution it is necessary to check this ratio as a 
basis for estimating the accuracy of the results. 

Brodwin has shown that there are certain critical 
spacings for each mode. From (3) and (5) it is really 
seen that for each mode 


ee Om 15) m= 1, 2,3- TET (23) 
Bar = mK i= 2a EN (24) 
where 
Bee—sG,ACOSU= 


The critical spacings are given by the equalities in (23) 
and (24), since at cutoff 


ai Oo = th By hr. 
Substitution of (25) in (13) gives, for the critical spacing, 


pepe 
oe 
we 


(26) 
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Eq. (26) was derived with the plus sign in (13); ap- 
plication of the negative sign shows that 


crit — Um PT 


(27) 


Eq. (26) agrees exactly with Brodwin’s equation (9). 
The critical spacing given by (27) is identical to the 
critical spacing in an isotropic waveguide. Note also that 
for the lowest-order plane wave modes to propagate in 
this type of structure 8, and X, must satisfy 
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Fig. 5—Propagation constants of parallel-plane guide 
as a function of the anisotropy. 
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Fig. 6—Propagation constant of circular guide as 
a function of the radius (u’/u= 2). 
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The above picture of a bundle of plane waves bounc- 
ing back and forth along the ferrite filled guide may be 
extended to circular structures. As a second application 
of the method, consider the circular guide in Fig. 7. 


AXIS 


Fig. 7—Plane waves in circular guide. 


In the case of the circular guide the bundle of plane 
waves forms a cone about the guide axis. For isotropi- 
cally filled guide Schelkunoff [7] has shown that it is 
possible to express guided waves above cutoff as bundles 
of plane waves repeatedly reflected from the cylindrical 
boundary. A somewhat similar approach will be taken in 
this paper. Let the amplitude of the element incident 
tangential wave be &;;(@)da and reflected wave &;,(a)da, 
then the total tangential field, E,, is given by 


Qa 
JB mS e iB2 cos 6 na Eii(a)e Be cos a+y sin a) sin da 
0 


Qa 
4+ { Ei(a)etBe cos at+ty sin a) sin ‘da . (28) 
0 


The first type of solution under consideration will 
have an elemental wave variation given by 


Si = Eve® = &,,(a) TMT (29) 


where 7 is an integer. With (29) in (28) it follows that 


Qa 


Ei, ~ Hoe 82 8 aii cos [Bp sin 6 


0 


-cos (6 — a) — nalda, (30) 


where 


pcos (@¢ —a) = xcosa+ysina. 


The integration of (30) is readily performed with the 
result 


sin nd 


Hig -2Eoe* 008 6 ' \ J,(Bp sin 6). (31) 


cos np 


The b.c. is that (31) be zero at the surface of a per- 
fectly conducting cylinder of radius a, or 
J, (pa sin 6) = 0, 
or 
v1 = 383, v2 = 7.02, etc. (32) 


Basin 6 = Um, where 
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The TET solution is constructed by considering ele- 
mental waves given by 


Eula) = Ey cos (6 — ale = — &,(a) TET. (33) 


The odd symmetry of the incident and reflected waves 
in (33) result in a total tangential field given by (28) or 


0 


-sin [Bp sin 8 cos (6 — a) — nalda 


sin np | 
cos nos 


Qa 


cos (¢ — a) 


fiw ie : J, (Bp sin 8). (34) 


Again, the b.c. is that (34) be zero at the surface of a 
perfectly conducting cylinder of radius a, or 


Jn (8a sin @) = 0 (35) 


or 
Ba sin 0 = Im 
where 


v, = 1.84 v9 5.34, etc: 


Note that the definition of the wave types has been 
changed for the round guide in order to preserve internal 
consistency. As in the case of the parallel-plane guide 
the assumed TET and TMT polarizations do not agree 
exactly with (33) or (29). The TET solution in the circu- 
lar guide has £, satisfied identically and £ not satisfied. 
Similarly an examination of (18), (20) and (29) shows 
that for the TMT solution E£, is satisfied and £g is not. 
As in the case of the parallel-plate guide the ratio of the 
unsatisfied to the satisfied component must be negligible 
for a valid solution. 

Since each plane wave in the bundle must satisfy 
Polder’s relation, then (15) applies in this case with v,, 
given by (32) or (34). For each value of v,,, two values of 
8, are obtained, and the critical radii are given by 


Um 


[1 = G2 /uAy 5 


qerit = 


TMT 


(36) 


qett ate 


TET. (37) 


As a further application of the method, consider the 
coaxial line shown in Fig. 8. In this case one set of plane 
waves of the type (28) is not able to satisfy the bound- 
ary condition at r=a and r=b. 


Fig. 8—Plane waves in coaxial guide. 
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In order to generate a second independent solution 
for the coaxial region, a new set of plane wave com- 
ponents must be found. These plane wave components 
will differ in amplitude from the plane wave components 
in (29) and (33). The second independent Bessel solution 
is well known (i.e., the Neuman function solution). Here 
the problem is to represent the second bundle of waves 
as a Neuman function. The physical interpretation of 
the method in this paper is best preserved by working in 
the real domain. Consider the following representation 
of the Neuman function: 


dJ ,(z) OF 2) 
N.(z) = lim joe — (—1)” =I ; 38 
nara C1) aa (38) 
Now, from the integral representation 
ge" Qa 
ee) = —f etinvetiz cos Vd (39) 
Qa 0 
it follows 
OJ4(0) 77” a 
= it SE pyeniy ers con Yh), (40) 
ov 2m J 0 : 


With (40) in (38) the Neuman function may be given in 


the form 

‘ 1 2a 
N2(z) — lim =f [ j2-Mein = (—1)™j7-G-m) ev] 

yon 2a 0 

- ef cosy dy 

i ae Py d 

WZ) = f WY cos npei? 5 Ydy, (41) 
Qa 0 


In other words, to obtain the second independent Bes- 
sel solution in a circular region the elemental plane 
waves must have amplitudes which vary as 


y cos y. 


Returning to the TMT solution, the elemental incident 
and reflected waves have amplitudes given by 


6 OY Be 


(42) 


81 = Ei(@ — a) cos nge?-*) = Ey, (43) 


Substituting (43) in (28) and performing the integration, 
it follows that 


E,~ cos no{ EoJ,/Bp sin 0) + E:N (6p sin 6)}. (44) 
The b.c. are applied at r=a and r=), and noting that 
E, and £; are not identical zero it follows that 


J,,(Ba sin 6) N,,(86 sin #) — J,(8b sin 6) NV ,(8a sin #) = 0. (45) 


Without belaboring the point, the TET solution is 
generated by finding the elemental plane-wave com- 
ponents which integrate to form the derivative of the 
Neuman function. The propagation constant f is then 
given as a solution of the determinantal equation 


J,'(Ba sin 6) NV ,’(Bd sin @) 


— J,/(8b sin 0) N,/(Ba sin 0) = 0. TET. (46) 
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Again as in the case of the circular guide, (45) and (46) 
are used in conjunction with Polder’s relation (15) to 
determine the permissible values of 6. Fortunately, all 
of the determinantal equations for 8 are identical to the 


isotropic case and have been solved for a wide variety of 
cases. 


THEORETICAL AND EXPERIMENTAL RESULTS 
Parallel-Plate Guide 


Brodwin [3] has made some computations of the prop- 
agation constant and critical spacings of ferrite-filled 
parallel-plate guide. These results are given as a function 
of the anisotropy (u’/u) and were computed from the 
classical formulation. Brodwin’s computation of B, as a 
function of (u’/u) for different values of normalized 
spacing Xo, is shown in Fig. 5. The results apply to the 
odd quasi-TE, even quasi-TM and quasi-TEM modes. 
As a comparison the variation of B, was calculated as a 
function of (u4’/u) for a normalized spacing of Xo,=5 
from (15) and (23). Eq. (15) was solved by separating 
the equality into two parts, y; and yo, where 


a (“) lees 
sf ‘ M foseerne: 


IN 4 4 A 2 2 1/2 

ail laren ell 
Kb Br*Xon* MK By? on" 

The value of 6, is found by multiplying the value of 6, 

by cos = [1 —(Um/B,X or)? |!/2. The correct value of B, was 

determined graphically from the equality yi=y2. The 

quantitative agreement in Fig. 5 is excellent. The equa- 


tion for the critical spacing (26) agrees exactly with 
Brodwin’s (9) and was not plotted for comparison. 


(47) 


Circular Waveguide 


Gamo investigated the propagation constant of ferrite 
filled circular guide for specific values of anisotropy. 
For a value of (u’/u) =1/2, the propagation constant is 
plotted as a function of the radius in Fig. 6. Gamo’s 
quasi-TEy, mode corresponds to the TET: mode. Note 
that the behavior of the approximate solution is very 
close to the rigorous solution. Note that the TET cut- 
off may be defined for the minus component only. How- 
ever, the plus component has the correct behavior near 
cutoff. 


Coaxial Waveguide 


No classical theoretical results were available to com- 
pare the approximate theory. An experimental model 
was constructed to test the theory and is shown in Figs. 
9 and 10. A length of ferrite? 0.500 inch O.D. X0.040 
inch IDX<0.810 inch was placed between two stycast 
(e=12) pieces. The center conductor extended through 


2 Trans-Tech TT1-105. 
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Fig. 9—Experimental device for measuring Faraday 
rotation in coaxial waveguide. 


COIL COAXIAL 


CENTER CONDUCTOR 


0000000000000000000) 
|OCO0000 000000000000) 
©0000: 
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STYCAST DIELECTRIC 
€ =l2 


Fig. 10—Cross section of experimental coaxial rotator shown in Fig. 9 


the ferrite and a short distance into the stycast pieces. 
Two probes were driven 180 electrical degrees out of 
phase to excite the TE, mode in the completely stycast 
filled section of the guide. The guide was constructed so 
as to pass the TE: mode and reject the next highest 
mode. Hopefully, the comparable TE: mode was excited 
in the ferrite. Two other probes were mechanically fixed 
at the receiver end of the guide structure and lined up to 
the driven probes. The receiver probes were tuned for 
maximum output at 6000 Mc input with no applied 
field. The longitudinal magnetic field was then increased 
until the receiver output was a minimum. Filmohm re- 
sistance cards were placed at both ends of the unit in the 
dielectric pieces. These cards absorb the cross compo- 
nent of the RF energy when the magnetic field is ap- 
plied. This value of field corresponded to 90° of Faraday 
rotation or 


(L/2)(B pe Be) L972 
or 


(8, — B_) = 0.20660. (48) 
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Values of B, and B_ were computed from (15) as a func- 
tion of (u’/u). It was found that for the size of coaxial 
ferrite insert (t.¢e., D/d=12.5) a value of (u’/u) =0.20 
corresponded to (8,—B_) =0.2068o. 

In order to gain some check on the above value of 
(u’/n) the experimental value of applied field was sub- 
stituted in Kittel’s theoretical expressions to find the 
actual value of (u’/u). The following physical constants 
were used 


x = 0.558 
Ni —— DIM N; c= 5.03 
H, = 215 oersteds 


¥ = 1.76 X 107 raa/sec/oersted. (49) 

The demagnetization factor N was calculated by as- 
suming the center hole in the ferrite had a negligible 
effect. 

The value of (u’/u) corresponding to the above con- 
stants was calculated from the following formula given 
by Hogan [10] 

f (4a —=4 N:)Myw 


— (50) 
wo? + (4a — Ni)¥Mw — w? 


= 0.20 (51) 


The above value represents an excellent agreement 
with approximate theory considering the variation of 
Hi, (1.e., 5 per cent) and the value of NV. 
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Synthesis of Low-Reflection Waveguide Joint Systems” 


P. FOLDES}, MEMBER, IRE, AND N. GOTHARDt 


Summary—Some characteristics of flat-flange type joints are 
analyzed. Experimental evidence is given proving that it is possible 
to reproduce, in practice, waveguide joints which have identical 
complex-reflection coefficients. Such joints can be combined to form 
large joint systems by means of a synthesis method, which keeps the 
over-all reflection coefficient to a minimum. Both theory and experi- 
mental data are presented. 


I. INTRODUCTION 
|: high-quality, wide-band, frequency-modulated 


microwave communication systems the ultimate 

distortion level is quite often determined by the end 
and internal reflections of the transmission line.!-* In 
and above the S band (2000 Mc) the transmission loss 
in a coaxial line becomes high and the required toler- 
ances for a coaxial branching system are extremely tight. 
It is difficult to obtain a low input reflection coefficient 
with a coaxial antenna input in a wide frequency band. 

Thus it becomes mandatory to use waveguide com- 
ponents in high-quality transmission systems. Such a 
system assures low resistive loss and low end reflections; 
however, it introduces new types of reflection sources at 
the waveguide joints. From communication-system dis- 
tortion standpoint two parameters characterize these 
internal reflections; the reflection coefficient of one joint, 
and the so-called “ripple factor,” which is the ratio of 
the maximum and the average reflection coefficient in 
the operational frequency band at the input of the wave- 
guide system. 

The first parameter depends on the construction of 
the joint, while the ripple factor is determined by the 
positions of the joints along the line. By means of a 
simple synthesis method it is possible to calculate: 1) the 
allowable number of joints and their position for a given 
maximum reflection coefficient, and 2) frequency band 
and total length of transmission line. 


II. CHARACTERISTICS OF THE INDIVIDUAL 
WAVEGUIDE JOINT 


A. General Behavior 


The complex reflection coefficient of the flat-flange 
type joint depends on three factors:>~° 


* Received by the PGMTT, July 18, 1960; revised manuscript 
received, December 5, 1960. ; 
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Electronic and Radio Engr., vol. 36, pp. 253-259; July, 1959. 

5 F. Bolinder, “Fourier transforms in the theory of inhomogeneous 
transmission lines,” Proc. IRE, vol. 38, (Correspondence), p. 1354; 
November, 1950. 


1) Size difference between two joining waveguides. 

2) Misalignment between the two waveguides. 

3) Surface geometry and electrical conductivity along 
the flange surface. 


The surface geometry depends on the surface rough- 
ness, the connecting bolt pressure, and the elasticity of 
the flange material close to the mating surface. The 
electrical conductivity depends on the quality and pur- 
ity of the material and is also affected by the long-term 
corrosion processes. 

According to the experimental data it is possible by 
careful manufacturing to obtain a joint which can be 
represented by approximately the series impedance 


Z= R(f)4 mea (1) 


ja fC 


where K(f) represents the frequency-dependent loss 
resistance along the contact surface, C is the series 
capacity between the two mating flanges, and X(f) 
represents the effect of step and misalignment, which 
can be either inductive or capacitive. However, it can be 
found, experimentally that 


1 
RY) +g |> |xel, (2) 


if the manufacturing tolerances are within small, but 
practically possible, limits. Two important facts follow 
frome jeanca2) |: 


1) The magnitude of the reflection coefficient can be 
relatively constant in +15 per cent frequency 
band if the resistive and capacitive components of 
(1) are comparable. 

2) It is possible to obtain approximately identical 
complex reflection coefficients for each joint along 
the waveguide system, if the surface quality and 
flange pressure on the flanges are nearly equal. 


The utilization of these facts leads to the application 
of the synthesis method to obtain an optimally located 
waveguide joint system. 

Table I summarizes the practically possible tolerances 
and their corresponding theoretical reflection coefficients 


6 N. Marcuwitz, “Waveguide Handbook,” M.1.T. Rad. Lab. Ser., 
McGraw-Hill Book Co., Inc., New York, N. Y., vol. 10, p. 62; 1951. 

7L. Virgile, “Waveguide flange design for better microwave per- 
formance,” Electronic Design, vol. 7, pp. 28-30; October, 1959. 

8D. Wray and R. A. Hastie, “Waveguide bend,” Electronic 
Tech., vol. 37, pp. 76-82; February, 1960. ; 

9H. A. Wheeler and H. Schwiebert, “Step-twist waveguide com- 
ponents,” IRE TRANS. ON MicrowavE THEORY AND TECHNIQUES, 
vol. MTT-3, pp. 44-51; October, 1955. 
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for S-band waveguides (4.300 X 2.150 inch inside dimen- 
sions). The sum of these individual reflections gives an 
indication of the upper limit of the reflection coefficient 
caused by the size and misalignment tolerances. 

With the tolerances indicated in Table I the theoreti- 
cal maximum value of the reflection coefficient is 0.071 
per cent. However, the measured reflection coefficient 
on such a system is five to ten times larger, depending 
on the surface roughness, flatness and contact pressure 
on the flanges. The difference can be obviously in- 
terpreted as the effect of the gap between the flanges, 
and the order of this difference shows that the approxi- 
mation indicated in (2) is reasonable. 

Fig. 1 shows three typical measured flange surface 
qualities: Curve A represents the measured roughness 
of a cast brass flange; B shows the surface roughess after 
precision milling; C after lapping. From these samples, 
it is clear that the actual conducting flange surface can 
be several times larger than the nominal surface. This 
results in a larger resistive loss. 

Besides the loss, RF energy is stored in the micro- 
scopic voids between the flanges. This energy storage 
can be represented by an equivalent series-capacitive 
reactance. 

The effective conductivity between two flanges de- 
pends on the material and the surface roughness. No 
detectable difference can be measured in the reflection 
coefficient of silverplated or aluminum flanges maintain- 
ing the same surface roughness. However, large de- 
terioration in the conductivity considerably affects the 
reflection coefficient. For example, when the surface 
quality was achieved by means of a lapping process, it 
was found that the reflection coefficient was consider- 
ably higher than the expected value. After the highly 
resistive lapping compound was partly removed, the 
reflection coefficient was improved slightly in spite of 
the fact that the chemical cleaning process resulted in a 
somewhat rougher surface. 

From the assumed equivalent series impedance of the 
joint (1) it can be seen that, as the frequency increases, 
the capacitive reactance decreases more rapidly than 
the series resistance increases. (The first term in (1) in- 
creases approximately with the square root of frequency, 
while the second term decreases inversely with the fre- 
quency.) Therefore the reflection coefficient should de- 
crease slightly with the frequency. The experimental 
data proved this assumption. 

In practice, the gap size can be reduced by 


1) Decreasing the surface roughness. 

2) Adding a thin, soft metallic layer on top of the 
finished mating surfaces. 

3) Applying a large uniform pressure on the contact 
area. 


B. Methods Reducing the “Gap Effect” 


Improvement in the Surface Roughness: Tables II 
and III show some measured reflection coefficient values 
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TABLE I 
EFFECTS OF GEOMETRICAL IMPERFECTIONS 


Reflection 

Type of Error Tolerance Coefficient 

(per cent) 
Step +0.0015 inch 0.050 
Transversal Misalignment +0.0005 inch 0.010 
Polar Misalignment aE), 1° 0.001 
Total 0.071 


(b) 


(c) 


Fig. 1—Typical flange surface qualities. 


for different flange surface qualities in the 1800—2300- 
Mc frequency band. The first of these tables offers sim- 
ple proof of the gap effect. The input reflection coeffi- 
cients were measured on a waveguide run which consisted 
of 10 sections, each 20 feet long. (The “average of the 
maxima” is defined in the following way: The 500-Mc- 
wide operational frequency band is divided into 10 
50-Mc-wide sub-bands. The largest value of a reflection 
coefficient is taken from each of the sub-bands and then 
the 10 values are averaged.) The effect of the size and 
misalignment tolerances was negligible, relative to the 
effect of the flange surface. A peak-to-peak surface 
roughness of 100 u inch was measured on the surfaces. 

In arrangement A, %-inch-long spacers were placed 
between the two flanges, while in arrangement B these 
spacers were eliminated. Physically the lossy, reactive 
air-gap was reduced by a factor of 2 in the second ar- 
rangement. It can be seen that both the peak and the 
average reflections were reduced in the second arrange- 
ment approximately by a factor of two. 

Table III shows the reflection coefficients of wave- 
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TABLE III 
EFFECT OF SURFACE ROUGHNESS 


EFFECT OF VARYING THE NUMBER OF AIRGAPS 
Surface Roughness his of the 
Renee ea in anch axima in the 
Maximum I[n- ces ©! Average of Input Reflec- 
é Reflects Maxima in the Be tion Coeffi Note 
Arrangement put Keuection | {7 t Real the Maxima Wein NGI ter 
Coefficient Se GheHGait per Joint Coe Foe rms | Cent per Joint 
Petceny) (per cent) CBE ene = weeny 
aN. Bre uceuice Run 18.2 116 1.05 4 > oe A ee ae 
t 2 
ee See 2 100 12 0.38 The same as Case 1 with 
earoiae: 4 50 : ee ena Milling 
F e Same as Case 1 with 
BW ‘ __Precision Milling 
ee reene ate 9.2 6.2 0.56 4 60 8 0.30 The Same as Case 3 with 
a areas cs Gold Interconnecting 
y 2p 1 Layer 
TABLE IV 
THE EFFECT OF THE QUARTER-WAVE SPACER 
a Maximum Input Average Input Average Reflection Average of the Maximum 
Condition Reflection Coefficient Reflection Coefficient Coefficient per Joint Reflection Coefficient 
(per cent) (per cent) (per cent) escee 
5 Sections without Spacers, 6.5 2.0 0.33 1 
500-u Inch Peak-to-Peak Bs 
Surface Roughness. 
5 Sections with Spacers, 4.0 1.19 0.20 0.50 
500-n Inch Peak-to-Peak 
Surface Roughness. 


guide joints which have different surface roughness. 
These data were measured with quarter-wave spacers 
between the waveguide flanges. Table III also shows 
that the reflection coefficient varies considerably with 
the surface roughness. However there is a practical limit 
(probably 8 uw inch rms) beyond which there is no eco- 
nomical return. 

Application of a Soft Interconnecting Layer: The idea 
of using some soft interconnecting metallic layer (in- 
dium, gold, etc.) between the two mating flanges is 
one solution to decrease the air-gap in the joint, or to 
ease the surface roughness requirement for the same 
electrical quality. The utilization of gold plating was 
tried in case 4 in Table III where the reflection coeff- 
cient decreased by an additional 10 per cent. 

Optimum Contact Pressure on the Flanges: It is obvious 
from the construction of a flange that the air-gap be- 
tween two flanges has a minimum value which is a 
function of the connecting bolt tension. At low tension 
the gap is not closed completely, while at high tension 
levels the flange warps and the air gap increases again. 

Ten 1-inch-diameter standard stainless-steel bolts 
were used to maintain the connecting pressure on the 
flanges. The reflection coefficient was recorded as a func- 
tion of the torque applied on the individual bolts. The 
effect of pressure was investigated in the 5-30 foot- 
pound torque range and it was found that the optimum 
value was between 10-15 foot-pounds. 

Quarter-Wave Spacer Compensated Joint: The previ- 


ous results indicated that under certain conditions the 
reflection of a joint is limited by the gap effect, which 
may be approximately equal for each joint. If the spac- 
ing between two identical joints is a quarter wavelength, 
then their net reflection is zero. In a frequency band the 
compensation can be only partial, but as Fig. 2 shows, 
the improvement is theoretically more than 6 db in the 
useful band of the RG-104 waveguide. Fig. 3(a) shows 
a photograph of such a quarter-wave spacer and Fig. 
3(b) shows the reflection coefficient of a 5-section wave- 
guide run with and without quarter wave spacers. Dur- 
ing this test relatively rough flange surfaces were used 
with a 500 winch surface finish. Table IV summarizes the 
conclusions which can be drawn from the two curves on 
Fig. 3(b). It indicates that the quarter wave spacer 
resulted in a 4.6-db improvement in the average reflec- 
tion coefficient, which is quite close to the theoretically 
estimated value. 


II]. DETERMINATION OF A LOW-REFLECTION JOINT 
SysTEM ALONG A WAVEGUIDE RUN 
A. Uniformly Distributed Joints 


Fig. 4 shows an L-long waveguide run which is di- 
vided by x joints. If the higher-order internal reflections 
are negligible, then the input reflection coefficient 

Tee = Dg Die Dee tS) 


where B, is the propagation constant of the guide and 
Io. is the length between the first and kth joint. When 
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and 
_ nw 
SIN aes 
( 
Ty | sae ’ (5) 
_ be) 
Sle 
: where 
Fig. 2—Theoretical reflection coefficient of a quarter-wave 
spacer compensated joint. 1 
3 

Ag 


Some important characteristics of this simple func- 
tion are: 


1) |Tw| is periodic as a function of w, 


{4a c \2 2 
i Say ee ee 6 
w ae ac Gall clf (6) 


where c is the velocity of light. 
In a narrow frequency band the factor under the 
square root is approximately constant, 1.é., |Tw| 
is approximately periodic with frequency. 

2) The mth maximum of | Ty| occurs at a point where 


l 
27 —— = mm, and here | I'y 


gm 


Ni Ts (7) 


The ratio of two adjacent resonant wavelengths is 


Ngm+1 ee m i (8) 
Weis m+ 1 
For example if /=20 feet = 609.6 cm and fy = 1997 
Mc, then A,ym = 20.68 cm and m=59. The difference 
between two adjacent resonant frequencies is ap- 
proximately 1.7 per cent. 
3) From a practical standpoint not only |Ty| mu is 
interesting, but also the average of |Ty| through- 
out the operational frequency band. This average 


(b) can be defined as 
Fig. 3—(a) Quarter-wave waveguide spacer. (b) Reflection coefficient 1 we 
of a five-section waveguide run with and without quarter-wave Tay = { Ty | dw, (9) 
spacer. Wo — Wi wy 
ie a f fact where w; and w, correspond to the two limits of the 
° ' n-1 
- frequency band. Furthermore, the input reflection 
[202 coefficient can also be characterized by 
Lok 
Tes - I'y | ar 
SEALS Sine 1M rat eden eas), agree ay ae (10) 
Tay 


Fig. 4—Geometrical arrangement of a joint system. 


R will be called the ripple factor in this paper. Fig. 
5 shows the variation of the ripple factor and 
|Tx| mu as a function of the number of joints. It 
can be seen that both R and |Tv increase rapidly 
with the number of joints if the waveguide sections 


all the individual joint reflections are equal in magnitude 
and phase ((,=I';=I) and the sections are equal in 
length, then the normalized input reflection coefficient 


_ nw are equal in length. 
SU 
Ty = Lin ee ae 2 (4) B. Synthesis of a Smoother Input Reflection Coefficient 
2 a ee A simple synthesis method is now given which results 


in a joint distribution with a low | I'y| » and a low ripple 
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factor. It is assumed that the absolute value of the input 
reflection coefficient [ies 
following function: 


The F, functions are given in Figs. 6 and 7 for various 
can be represented by the asa function of win the center and at the end of a +12.5 


per cent frequency band. As can be seen from the curves, 


ond the F,, functions have very desirable characteristics as 
1 FF. = | ie IE = Gees €700/%o) gikw) input reflection coefficients, viz., they increase relatively 
| 


slowly as 7 increases. 


a Ae If (11) is selected as the input reflection coefficient of 
E Il ow | the waveguide system, then it is easy to generate the 
1 


n/2 1/2 
E Ta = cos iw) | = 
iL 


. SHE atts =F pases saat 
itt \ = ON 0 sil ii HEE : 
= 2 ae Fae HEE EEE 
& a 
2 Q : Hu cE 
n!/ 1/2 it sreeniaaiits H paaniiaail Ha HEH 
: ee esa 
2 [J (G(a) + rA sin kw) SEs ee 
aie 
1 a : E a i Be 
c i d Hee Hh + = HH se 
= i HH 
if rg (P+ A)Ago. (11) Hi ae iH # EEE 
ad ann Hf 
Hi i | if i t caer ieee 
sae He — : HH e 
+ +: 
£ 4 Hy es iz aH 
f=; iat HE EHE +t Hite Ht} Hu 
EAE H HEH Ha 
Ey + HS EHH eattss : itt Hitt 
2 i i B 38 
; fy HE i 
ft # gegasesse i Ht = HH - 
HS A a3 THE iH f Ht HAE 
eee oars 2 ae a 
#3 SESEanS 3 jeatEES ie iH HEE 4 HH 
SS: Este i ti HH 3 § He 3 
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corresponding joint distribution. For this purpose it is 
sufficient to analyze the form of (11) in the center of the 
frequency band (Ajg=Ago). The reflection coefficient for 


the A, joint distribution in Fig. 8 is 
| Po] = | 1 + e7%0(4t-o0/4) | 


= |1 —e*| = ./2[1 — cos 4w]}. 


(12) 


In this distribution a 4/—),o0/4 separation is assumed 
between the two joints. If an identical second joint sys- 
tem will be added to the first in such a way that its 
position will be shifted relative to the first by 3/—Ayo/4 
toward the end of the line, then the resultant input re- 
flection coefficient 


[ral = [ [ta] + [re] erorsoro| = [re] [1 — 2 
= 2[(1 — cos 4w)(1 — cos 3w) ]1/2. (13) 


This is the A, joint distribution in Fig. 8. Repeating the 
process similarly, the end result is 


| Tie | = 4[(1 — cos w)(1 — cos 2w)(1 — cos 3w) 


-(1 — cos 4w)]!/2, (14) 


which is (11) in the center of the band for n=8. Fig. 8 
shows the whole process graphically. In the end results 
(Ais joint distribution) the lines are almost equal, but 
simple joints as well as quarter-wave spacer separated 
joints should be employed. There are practical cases 
when from manufacturing standpoint it is not desirable 
to use different line lengths, or larger than one unit re- 
flection at one joint. In such cases it is possible to obtain 
an approximation of the theoretical requirements by 
the use of quarter-wave spacers. For instance, a good 
equivalent of the Aj distribution is Aig’ and A1,’’ (see 
Fig. 9). In Table V some measured data are shown. 
From it a comparison can be made between the system 
with uniform length and spacers, and the Aj’ distribu- 
tion. The sensitivity of the synthetized reflection co- 
efficient to the length tolerances of the individual sec- 
tions was measured on three manufactured A4.’-type 
waveguide run. Table VI indicates the manner in which 
the input reflection coefficient varied as a function of the 
rms line length variations. According to the table the 
maximum value of the reflection coefficient shows more 
tolerance sensitivity than the average value. 


IV. METHOD oF MEASUREMENT 


There are two type of difficulties in the measurement 
technique of low-reflection waveguide joints or joint 
systems, 10-1? - 


10 W. A. Rawlinson, J. Hooper, and R. Branch, “A Swept-Fre- 
quency Method of Locating Faults in Waveguide Aerial Feeders,” 
Post Office Res. Sta., Dollis Hill, London, N.W. 2, Res. Rept. No. 
20209; June, 1959. 

11 A.C. MacPherson and D. M. Kerns, “A new technique for the 
measurement of microwave standing-wave ratios,” Proc. IRE, vol. 
44, (Correspondence), p. 1024; August, 1956. 

2 A.C. Beck, “Microwave testing wilh millimicrosecond pulses,” 
IRE Trans. oN Microwave THEORY AND TECHNIQUES, vol. MTT-1, 
pp. 93-99; April, 1953. 
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Fig. 8—Determination of the joint distribution, 
which corresponds to the Fig function. 
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Fig. 9—Two approximate equivalents of the Ai, distribution. 
S=quarter-wave spacer. All lengths are 1’=1—)g/4. 


TABLE V 


COMPARISON BETWEEN THE UNIFORM LENGTH 
AND THE Aj5 DISTRIBUTION 


Input Reflection | Input Reflection 


Coefficient Coefficient 
Distabices Number Theoretical* Experimental 
of Joints — 
Tu Tay Iu Tay 
percent percent] percent percent 
Uniform Length ill 4.94 0.99 SyaOvs 152 
Aj! 11 2210 0.77 2.50 0.76 


* 0.45 per cent reflection coefficient was assumed for one joint and. 
for calculation purpose, the actual Ais’ was replaced by Aig. 


TABLE VI 
EFFECT OF THE LENGTH TOLERANCES 


RMS Deviation from 
the Nominal Length 


om! I'y per cent 
(in inches) 


Tay per cent 


0.041 4.56 isl 
0.033 SO iL ils 
0.016 2.50 0.76 
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1) If the reflection coefficient of one waveguide joint 
is in the order of less than 1 per cent, it is not 
convenient to measure accurately such a low- 
reflection coefficient with the slotted line tech- 
nique. 

2) It is relatively easy to use a sweep method and a 
high directivity directional coupler if the reflec- 
tion coefficient is larger than 1 per cent, i.e., in the 
case of joint systems. This method, however, is 
very time consuming because every change in the 


physical arrangement must be carried out along 
the full waveguide run. 


For time saving, some of the preliminary measure- 
ments were carried out on systems which contained few 
joints. For this purpose an intermediate-power (lw) 
sweep generator and high-quality waveguide directional 
coupler were developed (7-db coupling, more then 50-db 
directivity). The high-power level and high directivity 
extended the absolute measuring limit down to reflec- 
tion coefficients of 0.5 per cent, while a 0.05 per cent 
relative change was still detectable. 

The effects of the various parameters (steps at the 
joints, surface finish, flange pressure, etc.) were studied 
on a relative basis, while the final numerical data were 
recorded using point-by-point measurements on larger 
joint systems. 

Fig. 10 shows the test set-up which was used for the 
individual-joint reflection study, as well as the various 
length modulation experiments. Fig. 11 shows a typical 
scope presentation of the reflection coefficient. The line 
under test was the Ai,’ distribution. The peak value on 
the scope is equivalent to a 2.5 per cent reflection coefh- 
cient (3.5 unit). Within the represented frequency range 
(1780-2300 Mc), the total output power variation of 
the sweep generator and the coupling variation of the 
coupler was less than 1 db/100 Mc. 

From an applicational standpoint the most important 
datum is the value of the peak and average reflection 
coefficient as a function of the line length (joints). Fig. 
12 shows the theoretical maximum and average reflec- 
tion coefficients and the points indicate some measured 
data. The calculations and measured data correspond to 
quarter-wave spacer compensated joints, and the length 
modulation is based on (11). It can be seen that there 
is significant agreement between the theoretical and ex- 
perimental results. 


V. CONCLUSIONS 


With precise manufacturing processes, it is possible to 
produce waveguide joints which have identical electrical 
characteristics. Such joints can be very useful building 
blocks in a system with specially located flanges. In the 
resulting network both the maximum and the average 
input reflection coefficients may have unusually low 
values. 


Foldes and Gothard: Synthesis of Low-Reflection Waveguide Joint Systems 
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Fig. 10—Test setup for the reflection coefficient measurement. 


Fig. 11—Scope presentation of the reflection coefficient 
for the Aj, distribution. 


F=1780-2300 Mc. 
T'=2.5 per cent. 


Fig. 12—Reflection coefficient of straight waveguide run vs length. 
Joints are quarter-wave spacer compensated. Length modulation 
corresponds to (11). 
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A Channel-Dropping Filter in the Millimeter Region 
Using Circular Electric Modes* 


E. A. J. MARCATILI}, MEMBER, IRE 


Summary—A channel-dropping filter in the millimeter region 
that transfers TE,, to TET is described and analyzed. The impor- 


tant features are the use of TE® mode in the resonant cavities com- 


bined with a mode-selective coupling between circular symmetric 
and rectangular waveguides which make both heat loss and mode 
conversion low. Design formulas and experimental results on a model 
filter centered at 56 kMc are included. Finally, several possible mode 
transducers and filters based on the idea of mode-selective coupling 
are described. . 


INTRODUCTION 


HE long-distance waveguide communication 
Pree will require the separation of many bands, 

each several hundred Mc wide, in the region of 
35 to 75 kMc. The transmission from repeater to re- 
peater will be made using the low-loss circular electric 
mode That but the microwave circuitry at each re- 
peater station will use the TED mode. Consequently, 
it is convenient to combine the filtering and transducing 
of modes in a single low-loss operation. 

Insertion loss has three sources: mode conversion, 
heat loss and reflection. 

Mode conversion must be kept very low not only 
because of the insertion loss but also because of possible 
unwanted resonances of spurious modes. 

Heat losses can be minimized using cavities that reso- 
nate with high intrinsic Q; this demands the use of cir- 
cular electric modes in the cavities and a structure that 
does not require soldering. 

Finally, the filters have to be of the constant resist- 
ance type in order to permit stacking tens of them, with- 
out impairing through multiple reflections the channels 
to be dropped last. 

This paper describes a filter that satisfies all the above 
conditions and also has the advantages of compactness 
and convenient spatial orientation-of the ports. 

The derivations were made having in mind a single 
pole branching filter, but they are also applicable to the 
design of maximally flat filters.” 

As by-products of the filter, several possible trans- 
ducers from single-mode rectangular waveguide to 
round waveguide are described. These transducers may 
be useful for measuring purposes. 


* Received by the PGMTT, October 3, 1960; revised manuscript 
received, December 13, 1960. 
{ Bell Telephone Labs., Inc., Holmdel, N. J. 
1S. E. Miller, “Waveguide as a communication medium,” Bell 
Sys. Tech. J., vol. 33, pp. 1209-1265; November, 1954. 
_? G, Goubau, “Electromagnetische Wellenleiter und Hohlraume,” 
Wissenschaftliche Verlagsgesellschaft M.B.H., Stuttgart, Ger.; 1955. 


DESCRIPTION OF THE FILTER 


In order to understand the behavior of the filter and 
the reasoning by which the final structure was adopted, 
consider the schematic circuit in Fig. 1. Because of the 
proper selection of normalized reactances, the impedance 
seen towards the right of the plane AA is 1 at all fre- 
quencies. At midband frequency the maximum power 
available goes to R, and far from resonance it goes to Ry. 


Fig. 1—Low-frequency channel-dropping filter. 


The passage from the low-frequency circuit to a 
microwave circuit is not unique, but an obvious way 
appears in Fig. 2. The resonators in Fig. 1 have been 
replaced with the cavities that resonate with the coaxial 
circular electric mode TEo,:. 


Fig. 2—Microwave channel-dropping filter. 


The coupling from the first cavity to an outgoing rec- 
tangular waveguide is provided by a hole. This intro- 
duces a substantial asymmetry in the otherwise circular 
symmetric structure, and the first cavity resonates with 
unwanted spurious modes at frequencies below and 
above the wanted TE), mode. 

The spurious resonances can be avoided by distribut- 
ing the coupling from the coaxial cavity to the rectangu- 
lar waveguide as indicated in Figs. 3(a) and 3(b). An 
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E-plane T junction in rectangular waveguide has been 
wrapped around the coaxial cavity. Imagine for the time 
being that there is no coupling between the rectangular 
waveguide and the coaxial cavity and that a wave enters 
the T junction. The standing electric field is antisym- 
metric with respect to the plane BB and consequently 
at point 1 has to be zero. This implies that the magnetic 
field parallel to the axis of the cavity is maximum. At 
points 2, 3, and 4 located at distances 1, 2 and 3 guided 
wavelengths from point 1 and measured in the rectangu- 
lar waveguide, the magnetic fields are also maxima and in 
phase with that in 1. If now coupling holes are opened 
in those points, excitation for Thee hes IDEAS etc. 
is provided. By proper selection of the dimensions, the 
cavity may be made to support only TEou for frequen- 
cies smaller than those dropped, and the multimode 
resonances are avoided. 


CHARACTERISTIC 
IMPEDANCE i 


~~.__ BRANCHING 
— CAVITY 


(a) 


(b) 


Fig. 3—Mode conversion-free channel-dropping filter. 


Another way of looking at the problem of multimode 
resonances consists in calculating the amount of cou- 
pling between the exciting TE®, mode and the other co- 
axial spurious modes. That coupling is proportional to 


f Ppp lites ds 


where the vectors H@, and He are the magnetic fields of 
the unperturbed exciting and coupled modes and the 
integration is extended over the coupling aperture S.? In 


3H. A. Bethe, “Theory of diffraction by small holes,” Phys. Rev., 
vol. 66, pp. 163-182; October, 1944. 
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the structure of Fig. 2 the integral is finite, but in that 


of Fig.-3 the integral tends to zero either because H®, 
is periodic or because the scalar product is null. 


RESUME OF DESIGN FORMULAS 


In this section, we specify the design formulas. Their 
derivation is detailed in the Appendix. 

In general, the requirements for a filter specify the 
midband frequency and bandwidth. Alternatively, the 
requirements may be expressed in terms of A, midband 
free space wavelength and Q,, loaded Q. 

The dimensions a, a’, b, b’, d, e, &o, and & in Fig. 3, 
and c in Fig. 4, are the unknowns. 


Fig. 4—Elemental outer junction. 


Selecting e—b’/{:=4, which is the usual aspect ratio 
of rectangular waveguides, and calling & the aspect ratio 
b—a’'/fo of the coaxial cavity, it follows from (1), (2), 
(4), (5), (7), (13), (14), and (18), that 
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and n is the number of coupling holes between coaxial In the expressions for d/a and 2c/a, the corrections 
cavity and rectangular waveguide. From (4), (5) and due to wall thickness are given by the last terms. 
(18), From (6) and (11), 
d 16) 3.830\? (+P)? 1 7/4 oe yore . 
Sar | / a d hn \2 
a 3.832?r a 27a E Or 24/1 = ( ) 
27ak 
A a’ —a : 
[1 aes: ls "| Be aid 3 ; Finally, from (19), the intrinsic Q of the coaxial cavity 
results in 
pee 1 2) 3/2 
From (2), (4), (5), (7), (11) and (13), One eee 
4 fees 
2c On /d\! RK? (1 + 2716 ber : 
Ble where g, the conductivity of the metal, and ) are given 
a n®\ a 


ink ( as ) fOr in mks units. The intrinsic Q passes through a maximum 
2rak for £=1, that is, when the cross section of the coaxial 
cavity is a square. 


JAN : Y 2rak\? 
: {1 a = (1 — &) + 7) = ( = ) i} EXPERIMENTAL RESULTS 


A model filter made of silver has been constructed for 
operation at 56kMc [Figs. 5(a) and 5(b) |. The perform- 
ance is shown in Fig. 6. The 3-db bandwidth of the 
dropped channel is 185 Mc, the insertion loss at mid- 
band is 1.4 db and the return loss, measured from 50 to 
where 60 kMc, is larger than 19 db. 
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From the measured Q; and the midband insertion 
losses in the dropped channel and through waveguide, 
the intrinsic Q’s of the cavities turn out to be 


Q; branching cavity = 2420 
Q; rejecting cavity = 4090. 


The theoretical value for both cavities is 6400. The 
larger loss of the branching cavity is due to the heat dis- 
sipation in the multiple coupling holes and in the 
wrapped rectangular waveguide. 

For comparison purposes, it is interesting to know that 
the measured intrinsic Q of a silver cavity made with 
98U waveguide resonating in the TE), mode at 5.4 mm 
is 1000. 

Because of the narrow gap providing the coupling 
between the circular waveguide and the cavities, the re- 
turn loss of the filter is small, particularly out of reso- 
nance. This characteristic makes this filter very attrac- 
tive when many of them must be stacked together. 


Fig. 7—Matched TE to To transducer. 


Fig. 8—Mismatched TEU to TEs: transducer. 
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OTHER TRANSDUCERS 


Following the idea of mode-selecting coupling, it is 
possible to devise many transducers. For example, if in 
Fig. 3(b) the coupling holes are displaced \,/4, Fig. 7 is 
obtained. Now the mode excited is circular magnetic and 
the filter transduces TED to TM... 

Another example. Using only two holes diametri- 
cally opposed coupling electrically in opposite phases, the 
filter transduces TEG to TE). 

If the resonant cavities are eliminated, Figs. 8 and 9 
are obtained. In general, they no longer represent 
matched narrow-band devices; they become broad-band 
mismatched mode transducers. 

The wrapped-around rectangular waveguide may be 
located at the end of a round pipe and the holes may be 
in the broad wall side as in Fig. 10. Circular magnetic 
modes are excited. The cavity limits the bandwidth 
but decreases the insertion loss. 

The reader can image many more combinations. 


7 aDZIgLILIT EF 


[FFF 


Fig. 10—Matched aN Der to TM,, transducer. 
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CONCLUSIONS 


A channel-dropping filter capable of transducing RE rs 
into TE has been described and analyzed. Circular 
electric modes in the resonant cavities combined with 
a mode-selective coupling between circular symmetric 
and rectangular waveguides make both heat loss and 
mode conversion low. Design formulas and_ experi- 
mental results on a model centered at 56 kMc are in- 
cluded. Because of the narrow gap providing the cou- 
pling between the circular waveguide and the cavities, 
the return loss of the filter is very small, particularly 
out of resonance. This property, together with the low 
insertion loss, makes the filter attractive when many of 
them must be stacked together. 


APPENDIX 
DESIGN FORMULAS 


We start analyzing each of the elementary structures 
that constitute the branching cavity of Fig. 3 and the 
conditions they must satisfy in order to resonate and 
to provide the proper bandwidth. Throughout all the 
following calculations, the arguments of the Bessel func- 
tions are large enough to justify asymptotic expansions. 


A. Inner Junction, Fig. 11 


Fig. 11—Inner junction. 


This consists of a circular waveguide carrying THe. 
and cutoff for TH coupled through a gap to a radial 
waveguide. Because of symmetry, reciprocity and small 
coupling, the scattering matrix for this three-port junc- 
tion 1s 


S11 Si 1+ Sy 
Sie Soo Sie 
1144S Si Sir 


The reference surfaces are the plane of symmetry and 
the cylindrical surface defined by r=a. 

Si and Sy, calculated from small hole theory*® have 
moduli small compared to 1. Neglecting powers of Si: 
and Sy bigger than 2, Sx is obtained from the relations 
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of conservation of energy,* 


GE GN 
S11 = fond (1) 
Sa 
2X, X12 /A\U2/ d\?2 
Sig = id ee ( ) ( ) (2) 
84/2 £0 a 
So = (-1+ | Siz ewe (3) 


where X;=3.832 is the first root of J:(x). 
nN 


ye) 


27a 


(4) 


g 


is the midband wavelength in the round waveguide 


UG 2 eae 
ee real © ( ih (5) 


ee 


is the midband free space wavelength. 


B. Outer Junction, Fig. 12 


Fig. 12—Outer junction. 


This is made out of a radial waveguide carrying a 
circular symmetric mode coupled through discrete holes 
to a rectangular waveguide carrying TED) 

In the description of the filter, it was shown that the 
holes couple only magnetically. This consideration plus 
the fact that circular electric modes are unaffected by 
radial metallic infinitely thin sheets allows one to imag- 
ine the junction in Fig. 12 made of n symmetrical 
three-port structures such as those indicated in Fig. 4. 


*N. Marcuwitz, “Waveguide Handbook,” M.I.T. Rad. Lab. 
Peete ce iene Book Co., Inc., New York, N. Y., vol. 10 pp. 
108; 1951. 
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Again using small hole theory, symmetry, reciprocity 
and conservation of energy, we obtain the elements of 
the scattering matrix of the junction in Fig. 4. The refer- 
ence surfaces are the plane of symmetry that contains 
the round waveguide axis and the cylindrical surface 
defined by r=0. 


rice et 
Sag = 1 (6) 


e\2 
On 
ny 2941/4 
LG) | 
167 260 


Sa, = — 7 
. 3 [(e oe bE sFod]* Ag 7) 


(—1+ | S45 |2)e-284s (8) 


S55 = 


where §(; is the width of the rectangular waveguide, Aji 
the midband wavelength measured along the curved axis 
of the guide, and 4c*/3 the polarizability of the circular 
coupling hole. If the hole is rectangular, and elongated 
in the direction of the magnetic field, its polarizability 
can be found in the literature.® 


Fig. 13—Equivalent outer junction. 


Connecting ” such structures together (Fig. 13) and 
considering that all terminals 5 form a single port in 
which power adds and that end terminals 4 and 6 form 
a single port in which power also adds, it is possible to 
ascertain the scattering matrix elements of the two-port 
iunction in Fig. 12. 


Tas = (2n)1/2| Sas | (9) 


l's55 = (—1 + n| Sis |2)e727544, (10) 
The wrapped waveguide must maintain the coinci- 
dence of zero electric field with each hole. Therefore, the 
number of holes, , is equal to the number of guided 
wavelengths in the wrapped waveguide. Accordingly, 


— (11) 

Ee 

ry (Gr) 
ye 

The small correction i(Su/7) accounts for the lumped 

reactances introduced by the coupling holes. 


5S. B. Cohn, “Determination of aperture parameters by electro- 
lytic-tank measurements,” Proc. IRE, vol. 39, pp. 1416-1421; No- 
vember, 1951. 
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C. Resonance Conditions 


At midband the rejecting cavity provides an open 
circuit at the input of the branching cavity. In order to 
have complete transfer of power through the branching 
cavity, the reflection coefficients seen looking away from 
each side of a reference surface must be complex con- 
jugates. If that reference is the cylinder of radius r =a’ 
(Fig. 3), the following condition is obtained, 


S'o9* 


(—1 + 2] Si2|%et2su 


b 
i) (x: =) 
Hy") (Xo) a 


= ess (12) 
b A OXG 
Hy (x: ~) 1 (X2) 

a 


where the asterisk means complex conjugate of. The 
Hankel functions Hj,“ appear because of the radial line 
of length b—a’ connecting the junctions in Figs. 11 and 
12. Replacing the value of I's; with the one obtained in 
(10), equating moduli and arguments, and using asymp- 
totic expansions for the Hankel functions, the following 
expressions are found 


Ne 
| Siz| = (=) | Sus | (13) 
b 1 a T iG 3r 1 Sut + mS 44 (14) 
ae Wee OSX . ie 
1 + — 


X» 


For the rejecting cavity, the condition of resonance is 
fulfilled when the arguments of the two reflection coeffi- 
cients are equal and of opposite sign. Consequently, 
from (14), 


(15) 


where the dashed letters refer to dimensions in the re- 
jecting cavity. 


D. Q of the Cavities 


We start considering the different loaded Q’s that can 
be found in the circuit shown in Fig. 1. The voltage at 
AA is frequency independent and therefore the pre- 
scribed dropped channel’s Q is Q,= VL/C. 

For measuring purposes, it is important to realize what 
are the loaded Q’s of the two cavities when they are con- 
sidered separately. In Fig. 1, if the branching cavity 
doesn’t exist, the loaded Q of the rejecting cavity is’ 
2Q0,. On the other hand, if the rejecting cavity doesn’t 
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exist, the branching cavity has a loaded Q equal to 
20, and it is not matched. At midband, entering in any 
port, the normalized reflected power is 1/9 and the 
normalized transmitted power to each of the other two 
ports is 4/9. 

By definition, the Q of a cavity is 


WO 


(16) 


Q= 


where w is the energy stored in the cavity, w is the angu- 
lar frequency and P is the power leaving the cavity. 

The loaded Q of either cavity when they are operating 
together, that is, the Q measured in the dropped chan- 
nel is 


WO 


Q1 


~ 4 Sie [2P; 
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where P; is the power carried by either of the two radi- 
ally propagating waves that build the standing wave in 
each cavity. The calculation is straightforward and 


2567 (ay Oe b a’ 4 
Qt < a) 2 2 / SS | Tie : 
XUXP de NG d 
The intrinsic Q of a cavity is obtained from (16) when 


P is the power dissipated in the walls, and the result is 


2(b — a’)3 1 


(18) 


(19) 


5 = \/2/wug is the skin depth, w is the angular frequency, 
u the permeability and g the conductivity of the metal. 

Eqs. (18) and (19) may be applied to either of the 
cavities by choosing the appropriate dimensions given 
in (14) and (15). 


Coupled-Mode Description of Crossed-Field Interaction* 


J. E. ROWE}, MEMBER, IRE, AND R. Y. LEET 


Summary—The coupled-mode theory is developed for two-di- 
mensional M-type flow, and a system of five coupled-mode equations 
is obtained. A fifth degree secular equation is found for the perturbed 
propagation constants of the system. Under weak space-charge field 
conditions, both the forward-wave and backward-wave interactions 
may be described in terms of only two coupled modes. The two- 
mode theory is applied to the calculation of starting conditions for the 
M-BWO, and to the M-FWA. The conditions for beating-wave am- 
plification are determined, and the variation of the mode amplitudes 
with distance is given. 


INTRODUCTION 


HE coupled-mode theory has been used exten- 
sively to describe the operation of the traveling- 
wave amplifier and backward-wave oscillator.‘ 
In these analyses, the four mode equations refer to the 
two beam space-charge waves and the two circuit waves. 
In both the O-type amplifier and the backward-wave 


* Received by the PGMTT, November 29, 1960. 

{ Electron Physics Lab., Dept. of Elec. Engrg., The University of 
Michigan, Ann Arbor, Mich. This work was supported by the U. S. 
Signal Corps under Contract No. DA 36-039 sc-78260. 

1J. R. Pierce, “Coupling of modes of propagation,” J. A ppl. 
Phys., vol. 25, pp. 179-183; February, 1954. 

2 J. R. Pierce, “The wave picture of microwave tubes,” Bell Sys. 
Tech. J., vol. 33, pp. 1343-1372; November, 1954. 

3. R. W. Gould, “A coupled mode description of the backward- 
wave oscillator and the Kompfner dip condition,” IRE TRANs. ON 
ELEcTRON DEviIcEs, vol. ED-2, pp. 37-42; October, 1955. 


oscillator, the best interaction occurs near synchronism 
between the slow space-charge wave and the circuit 
wave, and three waves are sufficient to describe the 
interaction, the fourth being far out of synchronism 
with the electron beam. Under large space-charge condi- 
tions in O-type devices, the interaction is accurately 
described by utilizing only the slow space-charge wave 
and the forward circuit wave. The coupled-mode analy- 
sis has great utility in obtaining a clear understanding of 
the detailed interaction mechanism. 

Heretofore, the M-type interaction has not been 
studied with the coupled-mode theory. The general 
analysis is somewhat more complicated than that for the 
O-type, since there are five waves involved, which leads 
to a fifth-degree secular equation. When the RF struc- 
ture is matched at its output, and the device is operated 
near synchronism between the electron beam and the 
foward circuit wave, the interaction is principally due 
to two waves. This two-wave interaction occurs for low 
space-charge conditions, unlike the corresponding condi- 
tions in the O-type tube. It is the purpose of this paper 
to develop the coupled-mode description for planar M- 
type amplifiers and oscillators and to show how this 
description may be used to investigate growing-wave 
gain, beating-wave gain and_ start-oscillation phe- 
nomena. 


1961 


CIRCUIT AND BALLIsTIC EQUATIONS 


It is convenient to formulate the circuit and ballistic 
equations using the equivalent circuit analysis, and 
following the methods of Pierce. The geometry en- 
visaged is that of a relatively thin planar strip beam 
flowing in orthogonal electrostatic and magnetostatic 
fields between planar electrodes as illustrated in Fig. 1. 


ANODE A/S SS SSS 


Fig. 1—M-type interaction configuration. 


It is assumed that the space-charge conditions satisfy 
Brillouin flow requirements. It is well known that this 
is a problem in two-dimensional space-charge flow, and 
hence, the fields vary in the transverse dimension. 

The circuit, ballistic, and continuity equations are 
expressed as shown below for both the M-FWA and 
the M-BWO. 


c 


+ 760K I = 0 (1) 
Ly ee dis 3) 
Oz = Ke ie Oz 
a(®V,) 
vo nf > Bi | (3) 
dy 
0(®V,) 
z=a| +35 | (4) 
dz 
01 0 
Serer oo (5) 
(oh at 
where 
iy = B(y) (puto + poz) 
and 
pz = p®(y) + po®’(y)y. (6) 


The quantities introduced in the above equations are 
defined as follows: 


4J. R. Pierce, “Traveling-Wave Tubes,” D. Van Nostrand Co., 
Inc., New York, N. Y., ch. 15; 1950. 
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V.=RF voltage on the circuit 
I,=RF current along the circuit 
K,=circuit impedance 
6 )=unperturbed circuit phase constant 
p=beam space-charge density 
Pp, = total effective space-charge density 
m=effective electron beam convection current 


density 
®(y) =transverse potential dependence, and 
B=magnetic induction. 


In the case of the double signs, the upper one refers to 
the M-FWA and the lower to the M-BWO. It is con- 
venient to introduce the following new variables into (3) 
and (4), the ballistics equations: 


A Us 
Vy = ee 
n& 
Ae 
Teeth’ 
n& 
A 
Be = nB/ uo (7) 
The result is 
Viv F OV. 
GeV ag = BV 2p fa (8) 
Oz Oz 
and 
OVea &'(y) 
+ 7B eV 2 = BVie a V~ s (9) 
Oz B(y) 


Eq. (5), the continuity equation, is written in terms of 
the new variables, using (6), as 


gael) SRE a eee a (10) 
Be OZ K, 
where 
Ree eae () 
*~ B.&(y) JT o®(y) 
ees 


2u0- 


I) =unperturbed circuit spatial propagation constant 
for the z-direction, 
and 


d® 
oy) = — 


A beam impedance K, is defined by 1/A,=2C%6./KB.. 
Eq. (10) is now written as 
Oin 
Oz 


Se ole = Ws + aVo) = 0. (11) 
b 
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Eqs. (8) and (9) are transformed, using (1) and the 
definitions of a and C: 


OV . I eet 
F + 78-Vie — BeVow + WB. Keele = 0 (12) 
vA 
and 
OV 2 2 
Vio ate aBoK Ll, = 0. (13) 


MoprE FORMALISM 


The coupled-mode formalism is now conveniently 
introduced into the circuit, ballistics and continuity 
equations with the aid of the following definitions. These 
definitions are made to simplify the final equations, and 
they give the wave amplitudes as being proportional to 
square root power. 


Circuit Modes: 


P28 (4 ves 14) 

Cx 2 A @ ; ( 
ae ( ne ie 15 
QO. > vn ia = V c ; ( 5) 

Beam Modes: 

Py = oe Vet iV) (16) 
Nie = Wie. (Viv — 7V 2) (17) 
Ss 1 GS oe 36 VES - 18 
COREA CS anne Beare y/-») as 


After introduction of the definitions contained in 


(14)—(18), the circuit and beam coupled-mode equations 
are expressed as follows: 
+ B)Pw 
ia) (= Mee 0 
Fj—S ao(=) (Be - 0) =0 09) 
OP 2x 
=> B.) Pop 
Oz 
ai @) (= ep 
Ha ee. ak, bie 
ae IB Qo iso re ) (Pp Wes. () (21) 
Oe igs NCU a) / KANE ie ta) 
eg, Eas OR Be: 
ee sy JAD 2 es pe ? (=) (Ba++ 8.) Pic 5 
Ke 1/2 ak, 1/2 
6o wes ie ] e a 
(=) toes en) + J8-(“ =) On=0 (22) 
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and 
dO. _ (isa) (1 + a) 
iS) Ot Petia 
‘Ke 1/2 ak, 1/2 
re 2b = ] € = 7 23 
ny (6. — 8.)P j6.(~=) 6 (23) 


Eqs. (19)—(23) constitute the five coupled-mode equa- 
tions for M-type interactions. These equations are writ- 
ten in terms of the unperturbed wave propagation con- 
stants; the next step is to develop the secular equation 
from their simultaneous solution. The uncoupled phase 
constants will be perturbed as the coupling between the 
individual modes is increased. 

The roots of the determinant formed from the coefh- 
cients of the modes P., Q., Qs, Pw, and Px» give the fol- 
lowing secular equation. It is assumed that all modes 


= :). (24) 


vary as exp(jwi—Tz). 
[G8:— Ly? 62 yeas) 


ca Bart (Ge, ee as Lie 


where 


A 


F? C3(1 + a). 


This dispersion equation agrees with that obtained by 
Pierce.* It is worthwhile to proceed one step further 
and verify the possibility of amplification in such a sys- 
tem. Under the condition that 6.+8.~ 80, approximately 
only the modes Py, and P, are coupled (cyclotron-wave 
interaction); hence, the determinant becomes 


(1—a) & 1/2 
Ba = 


=) 


—T+j(6-+8-) ae} 


— a 
i(=) (B.-+Be) 


For cyclotron-wave interaction, the electron motion is 
essentially circular, with equal y-directed and g-directed 
energies, and the modes Q,, Q;, and P» are excited to a 
negligible extent due primarily to weak coupling to the 
circuit. Expanding the determinant and defining 


['=j6 (1+?) yields 
oa (1 a a) Be 1/2 
= + 
aay ener a 


which agrees with Pierce. Gain occurs for all values of 
a, and is a maximum for a= —1. 


=0. (25) 


(26) 


FORWARD-WAVE AMPLIFIER 


Under low space-charge conditions, the M-FWA may 
be described in terms of two coupled modes, P, and 
Py. This is counter to the O-type FWA, which may be 
described in terms of two coupled modes only for high 
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space-charge conditions. It is convenient to write the 
solution as 


P, = Ae*# 4+ Bel, (27) 
, and then Py, may be expressed as 
det Rete (oer ln) ent (785, — ly) Be- ta? (28) 


The boundary conditions for the forward-wave amplifier 


are expressed as follows for an initially unmodulated 
stream: 


a 
J, = aie <a Se). 


| 


(29) 


It is convenient to assume approximate synchronism 
between the slow space-charge wave and the forward 
circuit wave (8,~8»), and write the propagation con- 
stants in the following form: 


Ti,.2 = 78. + B-Dé1,2. 


Under the above condition for maximum excitation of 
the near-synchronous waves, the cyclotron waves are 
negligibly excited, and hence, their effect is neglected. 
Using the above form for I’, yields 


1 1 
Ao" and B= =F 
1 — 62/6; 1 — 6;/62 
then 
P, = mal ! —051 __ E a (30) 
6; — 5s 6; — 62 
where 


6 = B.De = la DN.. 


For low space-charge conditions, the solution of the 
dispersion equation for the perturbed propagation con- 
stants yields 

Lee b 
di2= tvV1— (Ho) tape eee (31) 
where b 4 (8) —8.)/B.D. 

For exact synchronism, the 6’s are purely real and 
each wave is excited in equal amplitude, which indicates 
that the initial loss factor for the M-FWA is —6.02 db. 
It should be noted that the mode amplitudes are pro- 
portional to square-root power and hence, proportional 
to the RF voltage in a matched system. It is interesting 
to examine the first term of (31). For 


1 — (b/2)? > 0; growing waves 
= (0; transition region 
<0; beating waves. 


The transition point occurs at b=2; for larger values of 
b, both 6’s are purely imaginary. 

The growing-wave regime has been investigated, and 
excellent agreement has been obtained with the results 
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of Muller.’ The square of the mode amplitude in the 
beating-wave regime is readily expressed as 


| Pe 


2= A? + B?+4+2AB cosy; — yx), (32) 


where 4, y2 are the imaginary parts of the propagation 
constants. At the input 0=0, 


| Pe 


-~A+B=1, (33) 


where B is a negative number. Under these conditions, 
there are two purely propagating waves on the circuit 
which are out of phase at the input and beat together, 
adding in phase at the output. Since A>0 and B <0, 
the maximum of (32) occurs at (in phase condition) 


T Tv 
i= oY eee aes (34) 
iti BP NACA a 
At the maximum point, 
(Pee eA eB: (35) 


It is seen that. the position of maximum gain, and the 
maximum gain are solely functions of 0. The gain and 
optimum length are given as a function of 6 in Table I. 

The predictions made using the two-wave coupled- 
mode theory agree exactly with the general M-FWA 
theory. The gain as a function of 6 and 6b is shown in 
Riga: 


TABLE I 
LENGTH AND GAIN FOR BEATING-WAVE INTERACTION 


Voltage 


b opt DN Gain Gap 
BOP Halal SHH eels EO 
DVS) 105 he A 4.6 113} ,245) 
Je 4.97 0.79 SV 10.40 
Dee, 3.45 0.55 2.41 7.60 
DES DA Wfes 0.44 2.04 6.16 


@=277DN 


Fig. 2—Gain vs 0 for zero space charge. 


5M. Muller, “Traveling-wave amplifiers and backward-wave 
oscillators,” Proc. IRE, vol. 42, pp. 1651-1659; November, 1954. 
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BACKWARD-WAVE OSCILLATOR 


The M-type backward-wave oscillator may also be 
described in terms of two coupled modes for low space- 
charge conditions. In this instance, we deal with the 
backward-circuit wave and the slow space-charge wave. 
For the condition that 8.~ 8, the coupled modes are 
Q, and Q;, and the mode equations are 


dQ. : Gul \ 

az + 7B0Q- = Wc (=) Oo = 0 (36) 
and 

dQ» CEN 

> ae ] O a Bo <a es () oH 

a + 98-04 — je (=) Q (37) 


The roots of the determinant of the coefficients of the 
above system give for the coupled propagation con- 
stants 


ee =| @ +B.) 


K. 
a (/ 0 — Be)? + 48 Bow =|. (38) 

Ky 
Here again, it is convenient to write 


Q. = Are TY + ByeTu, (39) 


and then 


Op = AjB isl) Ase? 4 (96g Ps) Bie? #,, 40) 


where A; and B, are yet undetermined. In the case of 
the backward-wave oscillator, it is desired to find the 
point along the structure z>0 where the energy in the 
circuit field has been completely transferred to a beam 
space-charge field. These boundary conditions on Q, and 
QO, are 


Oo = 0) ay 3 =@ 
nea (erate strains (41) 
The above conditions give 
ele J dere = gi lak/e Tb. (42) 
By, JB = 1h 


Upon introduction of the propagation constants and 
the velocity parameter, (42) becomes 


Ue Aone 


= exp {i4/ uy D2 Ky { : 


(43) 
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The radicals in (43) may be considerably simplified by 
using the definitions of interaction parameter and trans- 
verse field variation suggested by Dombrowski:° 


nln ADC — 3 
tp 1 ‘sinh 27Po — 4) (44) 


2 sinh? [jPo(ye — 9s) ] 
The result is 
a 
OR BNCUMERN a s. hodt (45) 
b-—VJ/i?+ 4 


Eq. (45) is satisfied, and an oscillation condition exists 
for 


6 


Tv 


These are exactly the start-oscillation conditions for a 
M-BWO when the space-charge fields are weak as com- 
pared to the circuit fields, independent of the beam posi- 
tion between the anode and sole plates. This result indi- 
cates that the energy is completely transferred between 
the beam and the circuit every 90 degrees. 


CONCLUSIONS 


The general interaction between wave and beam for 
two-dimensional M-type flow has been described in 
terms of coupled modes, resulting in five mode equa- 
tions. They are written in terms of the uncoupled mode 
propagation constants and arise out of the ballistic, 
circuit, and continuity equations. Under the conditions 
of weak space-charge fields, both the forward-wave and 
the backward-wave interactions may be described satis- 
factorily in terms of two coupled modes. In the forward- 
wave case, the mode equations were used to calculate 
the optimum length and gain of a beating-wave ampli- 
fier; for backward-wave interaction, starting conditions 
were determined. 

The development of a satisfactory coupled-mode the- 
ory for a device hinges on the separate determination of 
the wave coupling parameter in terms of device param- 
eters. Based on the above results, it is felt worthwhile 
to apply this coupled-mode approach to a study of 
cyclotron-wave interaction in crossed fields, in order to 
obtain a physical picture of the interaction phenomena. 
This technique could also be applied to a study of 
cyclotron-wave parametric devices. 


®G, E. Dombrowski, “A Small-Signal Theory of Electron-Wave 
Interaction in Crossed Electric and Magnetic Fields,” Electron Tube 
Lab., The University of Michigan, Ann Arbor, Mich. Tech. Rept. 
No. 22; October, 1957. 
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Broad-Band Cavity-Type Parametric 
Amplifier Design’ 


KENNETH M. JOHNSON} 


Summary—tThis paper tells how maximum bandwidth can be ob- 
tained from a nondegenerate parametric amplifier which utilizes a 
circulator. Expressions are derived for the gain bandwidth product 
and maximum possible gain bandwidth product. It is then shown 
how the Q of the cavities used for the signal and idler circuits may 
be kept at a minimum without degrading the noise performance of 
the amplifier. It is shown that best performance results when the 
TEM mode is used in coax, or, if waveguide is used, when the 
operating frequency is far away from the waveguide cutoff frequency. 
The diode used should have as high a self-resonant frequency as pos- 
sible and the line admittance should be approximately the diode sus- 
ceptance. Using a diode with a self-resonant frequency at the idler 
frequency will be seen to give optimum performance. 

This paper also discusses double tuning the signal circuit to 
achieve broader bandwidths. In this case, the addition of the second 
tuned circuit will be seen to give much broader bandwidths than one 
would expect from conventional filter theory. 

Two sample amplifiers are considered and their bandwidths cal- 
culated. The effect of double tuning one of the amplifiers is then con- 
sidered. 


INTRODUCTION 


HE PROBLEM of achieving optimum band- 
Al wats is encountered in cavity-type parametric 

amplifiers designed to operate in the microwave 
region. Because the reactance diode has a finite Q and 
because of its lead inductance, there is a maximum 
theoretical bandwidth. Usually, however, the main diffi- 
culty in achieving maximum bandwidth is caused by 
the many frequency-dependent effects encountered in 
waveguide-type circuits. 

This paper tells how maximum bandwith can be 
achieved by presenting an analysis of a nondegenerate 
parametric amplifier that utilizes a circulator. Expres- 
sions for the gain-bandwidth product and the maxi- 
mum gain-bandwidth product are obtained. It is then 
shown how the microwave circuit may be adjusted to 
approach this gain-bandwidth product; that is, it is 
shown how the Q of the cavity used for signal and idler 
circuits may be kept at a minimum without degrading 
the noise performance of the amplifier. It is shown that 
best performance results when the TEM mode is used 
in coax, or, if waveguide is used, when the operating 
frequency is far away from the waveguide cutoff fre- 
quency. The diode used should have as high a self- 
resonant frequency as possible and the line susceptance 
should be approximately the diode susceptance. If a 


* Received by the PGMTT, June 28, 1960; revised manuscript 
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diode is chosen with a self-resonant frequency at the 
idler frequency, much broader bandwidths can be 
achieved in many cases because of the simple lumped- 
constant nature of the circuit. 

This paper also discusses double tuning of the signal 
circuit to achieve broader bandwidths. In this, the addi- 
tion of the second tuned circuit will be seen to give much 
broader bandwidths than one would expect from con- 
ventional filter theory. The reason for this is that the 
second tuned circuit alters the rate at which the idler 
reactance reduces the negative resistance. Two sample 
amplifiers will be considered and their theoretical band- 
width calculated. By careful application of the prin- 
ciples set forth in this paper, the bandwidth of almost 
any single-tuned parametric amplifier can be predicted 
quite closely, and an amplifier that approaches the 
maximum theoretical bandwidth can be designed. 


THEORETICAL BANDWIDTH 


The only amplifier considered is a reflection-type 
parametric amplifier using a circulator. The equivalent 
circuit for this amplifier is shown in Fig. 1, where the 
arrow indicates direction of energy flow. This type of 
amplifier is the most commonly used and provides low 
noise figures and stable operation. ! 


Gp, 


Sofas} 


Fig. 1—Parametric amplifier equivalent circuit. 


In deriving the expression for the gain-bandwith 
product, the general circuit relations derived by Bloom 
and Chang,” or Heffner and Wade,’ will be used; the 
expression for the input admittance is the same as theirs 
except that it includes a diode loss conductance Gp,,. 
Throughout this paper the subscript 7 will always refer 


1R. C. Knechtli and R. D. Weglein, “Low-noise parametric am- 
plifier,” Proc. IRE, vol. 48, pp. 1218-1227; June, 1960. 

2S. Bloom and K. K. N. Chang, “Theory of parametric amplifiers 
using nonlinear reactances,” RCA Rev., vol. 18, pp. 578-593; 
December, 1957. . 

3H. Heffner and G. Wade, “Gain, bandwidth, and noise char- 
acteristics of the variable-parameter amplifier,” J. Appl. Phys., vol. 
29, pp. 1323-1331; September, 1958. 
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to the nth frequency. Thus, Gp, and Gp, are the diode 
conductances at the signal and idler frequencies, re- 
spectively. Since in a real diode the spreading resistance 
r;is in series with the operating point capacitance Cop and 
the lead inductance L, then the diode loss conductance 
and effective capacitance C,,’ are frequency dependent 
and, in fact, given as 


Wie 
Gp, : 9 9 
Wn~ @ 
es Om,” (= = 1) 
wD 
G; 2 
(ls C0, (1) 


where 
p = — = is the diode self-resonant frequency, and 
VLC 
Op, = is the diode Q at the frequency o,. 
WnC ors 


The normalized input admittance to the amplifier is 
then given as 


G, “2 B,? Kk 
LAGE DERN inter 
1 [= = ( i B,? | ( ) 
es , 2 
es teHeey Gre 
and the reflection voltage gain I by 
il ae 
rege (3) 
1-4 


The following definitions are useful: 


G.=Gi+Gp,=signal circuit admittance, 
Gr,=G2.+Gp,=idler circuit admittance, 
Gy = 0102Cy' Co/'7?/Gr, = negative conductance, 
y = CGi/2Co= Fourier capacitance ratio, 
B,=By' +wCy= total signal circuit susceptance, 
B,= By! + (w,—w) Cy= total idler circuit susceptance, 


1 ; 
— ete =resonance voltage gain, 
Go=Io”?=resonance power gain. 
VGo—1 
re eget] 
VGot1 


Qr’ 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


March 


where By’ and By’ consist of an ideal filter and the sus- 
ceptance element necessary to resonate the signal and 
idler circuit, respectively. 

In order to compute the gain-bandwidth product, we 
will make the following definitions and approximations: 


(63) Wy o(w mas 1) 
61 = CS ) 
W1 Ww Wy 
(ey Sa (6) W9 Wy 
69 = _ Sa 61, 
We 6))5) ——=" (G3) W2 
QO, = unloaded signal circuit tank Q, 
QO» = idler tank Q, 
0 0 Ge is QexGyw1 
PA eree ET. 
B,/G, = 0.61, 


@1 
Bal Gp 38a Ne 0.0). 
we 


The approximations are valid to within 10 per cent 
for bandwidths less than 40 per cent if it is assumed that 
the susceptance variation, as a function of frequency, is 
linear over the range of interest. We will assume this 
to be the case since, as will be shown later, it is not 
possible to obtain bandwidths much greater than about 
2.5 per cent for a single-tuned circuit when operating 
at 20-db gain with good noise figure. 

Under normal operation with good noise figures, the 
following may also be assumed: 


(= 04+ a.) >= ove 
Gp) GaGpe GU). se Crea 
Go —2= Go; 


and that (<1, where 
sleet e E (1 it =) 2(1 sy 
areer? ae eres - =) | 
: 1 Or’Go 2 VG (1 i =) 
(1+ 4)? BS 
G, = 
—2(1-2)[h". 
G,/ J) 


Let Aw=2(w—o1) at the half-power points; the gain 
bandwidth product may now be written 


2027a 1" | 
(1 + £)w2? 


meee | 


Wy 


(hee 6)? 


ONG 


een, (4) 
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Examination of (4) reveals that it consists of two 
parts: one contains the term Qr?, due only to the re- 
active part of the input admittance; the other part con- 
tains the term Q,”, due only to the drop in negative con- 
-,ductance of the input admittance. It is the latter term 
that is neglected by Heffner and Wade, and Bloom and 
Chang. This term can only be neglected for gains greater 
than 30 db. Usually, however, stable operation is nearer 
20 db, and this term cannot be neglected. 

At this point, it is desirable to determine the mag- 
nitude of G./G, and Gy/G,. The quantity Gy/G, is 
related to the gain and G./G, by 


x Ly Nal: 6) 
eS Wa 


Thus, it is only necessary to determine G,/G,. The de- 
termining factor on G./G, is the noise figure of the 
parametric amplifier. At high gains, this is given as 


r=(14“)(142)." (6) 
< =) G, 


For good noise figures the generator is to be over- 
coupled as much as possible to the signal circuit. Over- 
coupling is limited by the diode, since more pump 
power is required to achieve gain as the generator con- 
ductance is increased. The limit on the over-coupling 
has already been discussed by Knechtli and Weglein! 
and will not be repeated here. This is given by 


@)_-(ooe2) CEN). & 


in which it is assumed that all loss is in the diode con- 
ductance. Since both (6) and (7) contain G,./G, and 
«1/2, there is an optimum frequency ratio and coupling 
ratio for minimum noise figure. These are® 


Gs eee (Vv Ga til 
(2) -virreate—) 8 


and 


We 


(=) Sh a/b 77002)/'770n2. (9) 


4 The exact expression for a reflection-type amplifier which gives 
the gain variation is 


ee |e: a (vet 2) 
eet Ree eBee Cela, WG, 0 1, G, ] 


5 H. Heffner and G. Wade, “Minimum noise figure of a parametric 
amplifier,” J. Appl. Phys., vol. 29, p. 1262; August, 1958. : 

6 K. Kotzebue, “Optimum noise performance of parametric am- 
plifiers,” Proc. IRE, vol. 48, pp. 1324-1325; June, 1960. 
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Usually, y can be made about 0.29 as may be deter- 
mined by solving the hypergeometric series for the 
capacitance coefficients.? 

Notice here that to obtain a noise figure of less than 
3 db, it is required that w:/w.=1/2, G./G,=1/2, and 
that the diode have a Q of at least 8. 

Now let us determine the absolute maximum possible 
gain-bandwidth product for a single-tuned circuit. To 
achieve resonance, the simplest signal or idler circuit 
must have a diode and a reactive element. Such a circuit 
is shown in Fig. 2. The X indicates the reactance which 
must be added to achieve resonance. When wp <w,, the 
circuit Q may be written as Q=Qp,(w,2/wp’); when 
®p >w, it may be written as Q=Qp,. Thus the minimum 
obtainable Q is limited by the diode Q and self-resonant 
frequency. Obviously, a diode should be chosen with as 
high a self-resonant frequency as possible. It will be 
assumed that both signal and idler circuits are reso- 
nated independently through use of an ideal filter,’ and 
that all the loss occurs in the diode conductance. Thus, 
when both signal and idler frequencies lie below the 
diode self-resonant frequency, the maximum. gain- 
bandwidth product is 


Gyw? — 2wi*(1 + &) 


Gyw»” w2'Go 


| ve (1 a5 a —2 (: — ale (10) 


V/Godw ( Qo, ir {= ae 
Wy 1 ae ‘ Gy 


Fig. 2—Simplest parametric signal or idler resonant circuit. 


In Fig. 3, the gain-bandwidth product normalized to 
diode Q is plotted against G./G, for various idler-to- 
signal-frequency ratios to show the importance of the 
coupling factor, G-/G,, on bandwidth. Since the param- 
eters in (10) all enter into the noise figure expression to 
maintain a noise figure less than 3 db, it is possible to 
obtain at best a 2.5 per cent bandwidth at 20-db gain 
for a single-tuned circuit. In addition, most double- 
tuned circuits will not have bandwidths much in excess 
of 2.5 per cent and certainly less than 25 per cent at 20- 
db gain. Thus, the approximations used in this paper 
will be valid. 


7S. Sensiper and R. D. Weglein, “Capacitance and charge co- 
efficients for parametric diode devices,” J. Appl. Phys., to be pub- 
lished. * : : 

8 Usually it is not possible to build an amplifier whose filters are 
ideal and do not affect the bandwidth of an amplifier. However, if 
the idler frequency is much greater than the signal frequency, a filter 
can be built whose dimensions are sufficiently small at the signal 
frequency so that its performance approaches that of an ideal filter. 
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ACHIEVING OpTIMUM Q IN A MICROWAVE CIRCUIT 


It is now convenient to consider how Q, and Q2 may 
be determined for a diode mounted in a microwave cir- 
cuit, and what can be done to achieve the minimum 
possible Q. The Q of any circuit for reasonable frequency 
changes can be expressed in differential form as?® 


w ox w 


= — or = —_ —_-; 11) 
2R dw e 2G dw ( 
Thus, 
0B 2 O 
ree pa vent haa Ose ciate oa (12) 
2G, Ow 2Gr, Ow 


There are two ways in which a diode may be mounted 
in a microwave circuit: in series or in parallel with a 
transmission line. Usually, a shorting plunger is used to 
achieve resonance; however, the Q we wish to consider 
is that seen from the terminals of the capacitance, since 
the susceptance transfer occurs across these terminals. 
Because of this, the equivalent circuit for either the 
series or parallel mount will be that shown in Fig. 4. 


10 


w| 


Fig. 3—Gain-bandwidth product vs input coupling for various sig- 
nal-to-idler-frequency ratios. Both signal and idler frequencies are 
below the diode self-resonant frequency. 


Zin Zo | SHORT 


Fig. 4—Equivalent circuit of a diode mounted 
in series in a transmission line. 


* C. G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles 
of Microwave Circuits,” M.1I.T. Rad. Lab. Ser., McGraw-Hill Book 
Co., Inc., New York, N. Y., vol. 8, p. 230; 1948. 
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The inductance shown is the lead inductance. Let us 
consider the series mount first. 

The most common example of a series-mounted diode 
is that mounted in the center conductor of a coaxial line. 
In this, the characteristic line impedance Z) and the 
wavelength are not frequency-dependent in any special 
way as they would be in waveguide, unless the TEM 
mode is not used. It will be assumed that the series 
mount is in coaxial line and that the TEM mode is 
used. It will also be assumed that the losses in the cir- 
cuit are all in the diode, and that other circuit losses, 
such as cavity-wall losses, are negligible. This is a good 
assumption if there are no lossy elements (e.g., filters) 
present; however, if other lossy elements are present, 
their effective resistance must be added to the diode 
series resistance. The admittance of Fig. 4 for the series 
mount is given as 


1 
7 GGT Zande 


VY =jowCo+ (13) 


where 9=1/c, and where / is the distance to the short. 
All discontinuity capacitances and inductances are as- 
sumed negligible. For a reasonably high-Q circuit (Q > 3) 
the admittance may be simplified as 


ls 
= + iE- — i 14 
[eo t-cZy: tary Oco| ceed we Re eee ees a4) 
The Q of this circuit may then be expressed as 
wo OB 
2G dw 
Qn, On 260)», Qn 
=) sS= | ol cae ee (1 - )} (15) 
2: wp? sin 20», wp” 


Upon examination of (15), the conditions imposed on 
6m, and, thereby, on Z») can be determined in order to 
achieve the smallest value for Q possible. In (15) these 
factors enter as 20w,/sin 20w,. The minimum values are 
solutions of the equation, tan 26w, =24w,. However, to 
resonate the circuit, 6w, is restricted to certain ranges 
of values, depending on the value of wp; that is, for 


wp > w, 0 < bw, < r/2 
and for 
OD <a, T/2 < Own < 7. 


Now, the first two minimums occur for 26w,=0 and 
24» = 257.5°. Successive minimums occur approximate- 
ly for odd multiples of 7/2. In the case of the first mini- 
mum, which occurs for wp >w, the short is to be placed 
as close to the diode as possible. This corresponds to 
making Zo as large as possible. For wp <w, the short is 
to be placed at @w, = 128.2°, which corresponds to tan Own, 
= 1.23; or, Zo is to equal 0.81 times the diode reactance. 
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This corresponds to almost matching the diode react- 
ance. The other minimum further down the line cor- 
responds more closely to matching the diode reactance 
to Zo. Of course, for the smallest Q the short should be 
placed at the minimum closest to the diode. When oper- 
ating at the optimum values for #w,, the circuit Q’s for 
the following special cases are 


p> Gn: 0 = Op 


Wn > wp: O = Qp(an?/wp?)2.8. (16) 

It is obvious from (15) and (16) that it is desirable 
to have wp as high as possible. Evidently, in this type 
of circuit unless wp >wn, the Q of the circuit does not 
equal the minimum obtainable Q. However, improve- 
ment in bandwidth can be realized by properly selecting 
Lo. 

The most common example of a diode mounted in 
parallel with a transmission line is one which is mounted 
across a waveguide. Here, it is necessary to consider the 
frequency variations of Zp and 6w,. Assuming again that 
we have a reasonably high-Q circuit, the admittance 
may be expressed as 


ls 


yr 


= ol + Zo tan bi,)? 


1 
+i|ac wh + Zo tan | OD 
and for TE modes, 
Zo = (2b/a)Vu/e (1 = weg?/w?) 1”, (18) 
where a is the waveguide width, 0 its height, and 
Wg = (1 — Weg?/w?)?, (19) 


in which w,, is the waveguide cutoff frequency. 

Although Zp is not clearly defined for waveguide, if 
the diode is mounted in the center of the waveguide, the 
three possible definitions for Zo will differ only a small 
amount. Also, the optimum value for Zo will be seen 
not to be critical, so that a variation of 30 per cent in 
Z will not appreciably affect the determined value for 
bandwidth. Again it has been assumed that all other 
capacitance or inductances are negligible. 

The Q of the circuit is 


J 


| 204 (= 
Sin 20w_ \Wey” 
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Since Qp, wp, and w, are fixed, the only variables are 
Weg and 20w,/sin 20w,. For minimum Q, Kw, and 
20u,/sin 20wW, are to be kept at a minimum. As before, 
in order to achieve resonance, limits are imposed on 
Ow,. These are the same as in the previous case; 1.¢., for 
wp >w: 0 <Ow,<7/2, and for wp <w: 7/2 <0w, <7. Thus, 
when wp >w the short is to be placed as close to the diode 
as possible and Z, is to be correspondingly large. When 
wp <w, the short is to be placed at the next minimum, 
which occurs for 6w,=128.2°; and Zp is to be made 
equal to 0.81 times the diode susceptance. In Fig. 5, 
Q/Qp, is plotted vs w.,/w for wp =2 and for wp=1/2. 
It is assumed that Qp is much greater than 1. Note that 
in some cases operation near the guide cutoff frequency 
raises the circuit Q considerably. Note also that this 
type of circuit-only approaches the minimum theoreti- 
cal OQ when w» <wp, and when the operating frequency is 
far from the guide cutoff frequency. The only other way 
to lower the effective Q of the circuit is to double tune 
the signal circuit. Double tuning to increase gain-band- 
width product will be discussed in the next section. 

When operating with w=wp at the diode self-resonant 
frequency, it may be observed that the Q of the circuit 
becomes merely the diode Q. A very broad-band ampli- 
fier can be built by using this fact. A particular example 


Weg/W 


Fig. 5—Circuit Q normalized to diode Q vs ratio of guide cutoff 
frequency to signal frequency for TE modes in rectangular 
guide. 
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of this would be to have the diode used with its self- 
resonant frequency at the idler frequency, or in some 
cases, it may be desirable to add a small capacitance or 
capacitive discontinuity in series with the diode to raise 
its resonance frequency to the idler frequency. Exam- 
ples of these applications are shown in Fig. 6. The idler 
frequency is suggested because its frequency most com- 
monly limits the bandwidth, and the idler frequency 
could be adjusted to maximize bandwidth simply by 
changing the pump frequency. Also, by reducing the 
idler Q, the second term in (4) is considerably reduced. 
Operating with a diode which has a self-resonance at the 
idler could improve the bandwidth by a factor of 3 or 
more. 


DouBLE-TUNED CIRCUIT BANDWIDTHS 


An alternate way to improve the bandwidth is to 
double tune the signal circuit. Briefly, to describe the 
theory :!°!! Consider the signal circuit of a double-tuned 
amplifier such as shown in Fig. 7. The admittance at 
plane 1 is given by (2). With the same assumptions used 


SIGNAL INPUT LINE 


20002 COAX SIGNAL 
ARM RESONATING 
ELEMENT 


SIGNAL INPUT LINE 


LOW-PASS FILTER 


CAPACITIVE DISCONTINUITY 


2000 Coax SIGNAL 
ARM RESONATING 
ELEMENT 


(b) 


Fig. 6—Circuits with series idler resonance. 


PLANE 2 


Fig. 7—Double-tuned signal circuit equivalent circuit. 


0H. Seidel and G. F. Hermann, “Circuit aspects of parametric 
amplifiers,” 1959 WESCON Convention REcorD, pt. 2, pp. 83-90. 

"G. L. Matthaei, “A Study of the Optimum Design of Wide- 
band Parametric Amplifiers and Up Converters,” presented at the 
PGMTT Natl. Symp., San Francisco, Calif.; May 9-11, 1960. 
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to write (4), and assuming G-«G,, (2) may be rewritten 
as 


—& + jQr6 
jjnpeteelans (21) 
1+ &8? 
where €= (@1/w2) Qo. 
The impedance at plane 2 is 
262 ae 2 ees 6 
A laze QOrBs” — BE (22) 


—E+ jQrd 


where B=wiL'G,=(Q of the second cavity, loaded only 
by the generator. The power gain may now be calculated 
as 


(2 - wa 6° 
+ Qn)? 
iis i+ pe Gages mee 
Go (2 — Qr8)VGo zy 6G : 
1 Par eee 
fc Sega: 


The solution of an equation in 6? and 6+ is obtained. For 
maximally flat response the coefficient of the 6° term is 
set equal to zero. This fixes the value for 8. For reason- 
ably high gains (G)>15 db), the value for 6 is given 
approximately by 


= 4 Dt Geol 
p~<"{i+ 4 (VY ‘| 
E Go Go 
AG/Ga = Sle 
uE t+ “ a 
i , a Tec (24) 
Bees | 
Gs Ga 


The equation for the gain-bandwidth product is 


AwV/Go (1 + £)?Go? 7! 3 
Sal fre (25) 
1 (2 — Qr 6)? 
which at high gains is 
/Go Aw (4Go)* 
= 3 (26) 
W1 | (a —Or 2 


so that there is an improvement for a double-tuned sig- 
nal circuit. 

It is possible for the denominator of (25) to go to zero 
in some special cases. In any case there is considerable 
improvement in the gain-bandwidth product because 
8 is approximately equal to Qr and e is just slightly 
smaller than Qr. The factor ¢ differs from Q7 by just 
G.Q./G,. Thus, G.Q./G, is to be made as small as pos- 
sible. Of course it is not possible to achieve infinite gain- 
bandwidths since, among other assumptions, approxi- 
mately linear frequency dependence is assumed for the 
reactance variation. However, (25) predicts a greater 
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bandwidth improvement than would a conventional 
filter. Conventional filter theory usually assumes that 
the amplifier frequency response is determined by just 
the imaginary part of the input impedance. This is not 
» a good assumption for a parametric amplifier unless the 
idler Q is less than the loaded signal circuit Q. 

In the following section two amplifiers will be de- 
signed and their bandwidths computed. 


THEORETICAL BROAD-BAND AMPLIFIER DESIGNS 


The first amplifier to be designed is similar to the one 
shown in Fig. 6(b), though without the capacitive dis- 
continuity. The diode available has a self-resonant fre- 
quency at 12.6 kMc. The amplifier then has the follow- 
ing characteristics: 


fi=5000 Mc, 

fo=12.6 kMc, 

fs=17.6 kMc, 
fi/fe=0.396, 
fe/fi= 26.4, 

vy =0.29, 


G,/ Ge—(calculated) 27.1. 


The signal circuit is formed in a 200-ohm coax line. 
The line impedance is chosen large to obtain the mini- 
mum possible Q. Since the signal frequency is consider- 
ably below the diode self-resonant frequency, an induc- 
tive length is added to achieve resonance. A one-section 
filter one-fourth wavelength long at the idler frequency 
is employed to provide a short circuit to the idler, but 
to pass the signal. Assuming the impedance of the line 
at this filter section is 10 ohms, then the effective line 
impedance at the signal frequency would correspond 
approximately to a 7150X10=44.7-ohm line. The 
short for the signal frequency then is about 7/8 away 
from the diode. The pump arm is formed in a waveguide 
which is beyond cutoff for the idler and signal frequen- 
cies. A band-pass filter in the signal arm places a short 
circuit at the waveguide wall at the idler frequency. The 
signal arm is tuned by placing the short behind the 
diode at the proper place. 

Using this information, the circuit Q’s and gain- 
bandwidth product may be computed as 


26.4 ' (4) + 2/4 (1-=) | 
Q- 2 & 13 sin 2m/4 13 


I 


Ease Sy 
Q2 = Op, = 10.5, 
Or = 4.80, 
/GoAf = 1700 Mc, 
Afooan = 170 Mc. 
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This bandwidth is to be compared with a bandwidth 
of 12.8 Mc which would have been achieved had a diode 
with a self-resonance at 3 kMc been used with the idler 
circuit formed in waveguide. Some improvement over 
12.8 Mc could be achieved by moving the signal-circuit 
filter up so that the idler resonated in the coax. In this 
case, however, the frequency dependence of the line 
must still be taken into account. 

The second amplifier to be designed is shown in Fig. 8 
and employs double tuning in the signal circuit to pro- 
vide increased bandwidths. The amplifier has the follow- 
ing characteristics: 


fi:=9000 Mc, 

fs=35 kMc, 
Ji/fa= 01315, 
fo/fe= 0.300, 


Fea/fo= 90.725, 
Feo/fr= 9.585, 


7v¥=0.29, 
fe/fr= 21.0, 
Ce 15.8 


SIGNAL ARM 


CAVITY FOR 
DOUBLE 
TUNING 


Fig. 8—Double-tuned signal circuit. 


The signal arm is in reduced-height waveguide of 
about 50-ohm impedance to obtain a small circuit Q. 
The pump and idler occur in the same guide, reduced 
to have an impedance of 50 ohms, again to obtain a 
small circuit Q. 

To determine the Q of the second cavity, it is neces- 
sary to compute the Q’s of the single-tuned amplifier. 
These are 


OF 6108. 

OQ. = 48.4, 

Or = 19.93, 
e= 18.1. 


For a single-tuned circuit this would correspond to a 
bandwidth of 73 Mc at 20-db gain. For double tuning, 
the second-cavity Q is calculated from (24) to be 8.68. 
This then gives a bandwidth of 310 Mc, which is an 
improvement of a factor of 4.25. 
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EXPERIMENTAL RESULTS 


Calculations of the bandwidth of single-tuned L- and 
S-band parametric amplifiers constructed at Texas 
Instruments and elsewhere agree with the experimen- 
tally determined bandwidth. The amplifiers were all of 
the type shown in Fig. 8, except that the discontinuity 
capacitance was omitted. An S-band amplifier con- 
structed at Texas Instruments which originally had 10- 
Mc bandwidth was made to have 70-Mc bandwidth at 
16-db gain by operating with the diode self-resonance 
at the idler frequency. In this amplifier, both the signal 
and idler frequencies were below cutoff in the pump 
waveguide instead of using cutoff filters. A C-band 
amplifier constructed elsewhere was of the type shown 
in Fig. 6(b). This particular amplifier had as much as a 
75-Mc bandwidth at 20-db gain, and gave 12- to 30-db 
gain over a 200-Mc bandwidth. The gain response was 
not maximally flat over the 200-Mc range, however. 

In general, it may be said that broad bandwidths are 
achieved when a diode series resonance is achieved at 
the idler frequency. All resonant circuits should be 
formed as close to the diode as possible to avoid high-Q- 
type circuits. There is no exact method for achieving 
an idler resonance; ordinarily, this can be determined 
experimentally. 


DESIGN COMMENTS 


In some cases it may not be desirable to obtain the 
minimum circuit Q. In particular, if one seeks to obtain 
the minimum circuit Q, the series resistance or conduct- 
ance may become so large that, to over-couple the gen- 
erator to this resistance or conductance, it may be nec- 
essary to double-tune the signal circuit to achieve the 
proper coupling at resonance. In order to avoid this prob- 
lem, since the signal circuit has such a broad bandwidth 
already, it may be desirable not to use the line imped- 
ance which corresponds to minimum Q. 
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Filters should be placed in a low-impedance line 
wherever possible, since a 0.4-db-loss filter in a 50-ohm 
line corresponds to an additional series resistance of 1.0 
ohm, while the same loss in a 15-ohm line corresponds 
to only a series resistance of 0.3 ohm. 

In many cases the shunt capacitance of a diode will 
raise its effective circuit Q, although the yQp, product 
remains constant. This effect must be considered when 
computing bandwidth in a practical circuit. Therefore, 
for a diode with a shunt capacitance of C, across the 
series resistance 7; and operating point capacitance Co, 
the effective Q becomes 


C; 
Qb, effective a Qo, ae (Es : 


Thus, it is desirable to choose a diode with the lowest 
possible shunt capacitance. 


CONCLUSIONS 


Optimum gain-bandwidth product can be achieved if 
the characteristic line impedance is adjusted so as to 
obtain the minimum circuit Q. Substantial improvement 
can be achieved if the signal circuit is double tuned or 
if a diode series resonance is obtained at the idler fre- 
quency. When operating.in waveguide, the operating 
frequency should be as far from the waveguide cutoff 
frequency as possible. By careful application of the 
principles set forth in this paper, one is able to predict 
bandwidth performance and design an amplifier with 
optimum gain-bandwidth product. 
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Dependence of the Resonance Line- 
, Width of Microwave Ferromagnetic 


TABLE I 
COMPOSITION OF MATERIALS 


Materials on Incident RF Power* a Chemical Composition 
aterial 
INTRODUCTION he (Bex Cent) (a Cow ee, oa (Pen ae (Per Gent) 
The intrinsic resonance linewidth of fer- Trans. Tech 414 Prone OTe = en ie a = 
romagnetic materials is a key parameter in ee crane oe 62.80 ae fee me = 
: : I 62.50 = pie 
delineating the characteristics of these ma- General Ceramics R-1 58.00 36.00 _ 6.00 pee re 
terials. Most of the published data concern- Trane Teen 191.1300 35.00 4300 = Gore ae = 
ing the resonance linewidth of ferrites and Trans-Tech 447-1100 oe 52.00 - — — 48 
garnets are valid for small-signal conditions. a ae > 
However, Suhl’s theory has indicated that 
the linewidth is dependent upon the RF peak 
power to which the material is subjected. Moe POWER THERMISTOR are CRYSTAL Sea 
Experiments performed by Damon! have SUPPLY lett MOUNT AvP ATTENUATOR 
shown that the magnetization vector of a 
ferromagnetic material fans out at an in- 
creasing angle from the direction of the 
applied de field as the RF signal amplitude FREQ: US 
is increased, until some critical angle is METER Socal ATTENUATOR 


reached. The material is then said to be 
saturated. A further increase in RF power 
will broaden the resonance absorption curve 
and decrease the resonance absorption peak 
value. Under certain conditions a subsidiary 
resonance absorption curve will appear on 
the low-field side of the main curve. 

These nonlinear characteristics will af- 
fect the operation of many microwave de- 
vices to a considerable degree. Therefore, 
an experimental investigation was under- 
taken to determine the resonance absorption 
characteristics of several families of poly- 
crystalline ferrite materials, a polycrystal- 
line garnet material, and a single-crystal 
garnet material. Experiments were made 
over a wide range of incident power levels. 
The information obtained will be helpful in 
predicting the performance of these materi- 
als when used in such microwave devices as 
circulators, power limiters, harmonic gener- 
ators, and parametric amplifiers. 


DISCUSSION 


A. Nonlinear Effects 


If a pulse of RF power impinges on a 
ferrite sample that is magnetized perpen- 
dicular to the signal field direction, the mag- 
netization vector fans out, dissipates its 
energy, and relaxes to its equilibrium posi- 
tion. A long relaxation time indicates that a 
large amount of energy is stored in the spin 
system of the ferrite sample, analogous to a 
high-Q resonant circuit. A narrow-linewidth 
ferrite will have a high peak absorption per 
unit volume, indicating that a large amount 
of RF energy is stored in the spin system. 

At high signal powers, the uniformity of 
the spin precessional motion is disturbed. 
This disturbance causes a time lag in the 
precessional motion of adjacent spins, and 
creates spin waves within the sample. Suhl? 


* Received by the PGMTT, July 26, 1960; revised 
manuscript received, November 18, 1960. 

1R. W. Damon, “Relaxation effects in the ferro- 
magnetic resonance,” Rev. Mod. Phys., vol. 25, pp. 
239-245; January, 1953. 

2H. Su hl, “The nonlinear behavior of ferrites at 
high microwave signal levels,” Proc. IRE, vol. 44, 
pp. 1270-1284; October, 1956. 
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Fig. 1—Block diagram of test equipment setup, high-Q cavity technique. 


has shown that, as the RF power is increased, 
a critical RF field h, is obtained because of 
these spin waves. The relationship for this 
critical RF field is given by 


20H 
= Ramee 
4nM, 


where AH is the linewidth of the resonance 
as measured at low power, AH; is the line- 
width of the first unstable spin-wave mode, 
and 47M, is the saturation magnetization of 
the ferrite sample. After this critical field is 
reached, further increases in RF power cause 
the main resonance to decline and the reso- 
nance linewidth to increase. 


B. Experimental Procedure 


Ferrite linewidth measurements were 
made at both high- and low-power levels ona 
number of ferromagnetic materials as a 
function of incident power level (and thus 
RF magnetic field). The measurements were 
made with a high-Q, nondegenerate wave- 
guide cavity. The samples used and their 
chemical compositions are listed in Table I. 

A block diagram of the equipment used 
in making measurements by the high-Q cav- 
ity technique is shown in Fig. 1. A pulsed 


magnetron provided the high-power RF 
source. Measurements were made at a pulse 
repetition rate of 30 cps and a pulse length 
of one microsecond. This very low duty 
cycle was used in order to eliminate any 
spurious effects which might be caused by 
heating of the ferrite sample. 

The ferrite samples were in the shape of 
small, accurately ground spheres varying in 
diameter from 0.015 inch to 0.090 inch.? 
The choice of dimension was determined by 
the dispersion effect of the sample in the 
cavity. A spherical form factor was used 
since, for a spherical geometry, the internal 
demagnetization factors are equal along each 
of the three mutually perpendicular axes of 
the sphere. 

The power divider permitted the inci- 
dent power level to be varied over a wide 
range. Ferrite isolators were used to isolate 
the cavity from the rest of the microwave 
circuitry and to insure matched conditions 
for stable magnetron operation. 

Measurements were also made (with 
the same technique and experimental ar- 
rangement) using a low-power reflex klys- 
tron. A waveguide switch with high isolation 


8y. L. Carter, E. V. Edwards, D. L. Fresh, and 
I. Reingold, “Ferrite sphere grinding technique,” 
Rev, Sct. Instr., vol. 30, pp. 946-947; October, 1959. 


March 


196 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 
+10 TABLE II 
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Fig. 3—Observed linewidth and decline of the main ; 0.02 50 X10-3 1130 128 100 5.7 100 
resonance as a function of incident power (square 8) 21.5 21 103 1182 119 93 5.4 96 
of RF field) for type-YIG material. 447-1100 21.6 65 X108 1006 147 115 6.0 107 
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hs; =RF field at sample, oersteds 


P;=peak transmitted power in waveguide, watts 
AH =linewidth of sample, oersteds 
1200 pee ee pie FR =figure of merit for resonance absorption device 
a ra Fp =figure of merit for phase-shift device 
DECLINE OF MAIN RESONANCE he 
1100-5 $0.8 S 
Sey pee 7°° an appropriate reference level thus enabled merit and percentage change in figures of 
3 2 maintenance of a constant RF field in the merit were compared to those at low-power- 
7 2a +0.4 . Coane . . . 
ge *“2 cavity over the complete range of measure- _ level conditions for the different incident 
= 2 ments. peak-power levels. 
mal ire RESULTS The somewhat astronomical figures of 
; a a merit achieved with the YIG and Y1-8 ma- 
—— ‘ ' ——— 0 The change in the observed linewidth ; 
a a terials at low power levels [Table II, 5) and 
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Fig. 4—Observed linewidth and decline of the main 
resonance as a function of incident power (square 
of RF field) for type 447-1100 material. 


between ports permitted either the reflex 
klystron or the magnetron output power to 
be incident upon the cavity. 

A rectangular, transmission-type cavity 
in 1.25 inchX 0.60 inch cross-section wave- 
guide was used in these experiments. The 
cavity, which was coupled to the transmis- 
sion line by means of asymmetric, inductive- 
type irises, operated in the TEj 9 mode at a 
resonance frequency of 8957 megacycles and 
a loaded Q of 2239. A sample holder, con- 
taining a polystyrene rod with the ferrite 
material cemented to its tip, was mounted 
on the narrow side of the waveguide cavity 
so that the specimen was located at the 
point of maximum RF field. The perturba- 
tion caused by the polystyrene rod was 
minimal. 

The transmission-type cavity permits 
linewidth measurements to be made at a 
constant RF field. As the energy absorbed 
in the ferrite sample increased, the moni- 
tored power at the output termination of 
the cavity decreased. Increasing the input 
power until the output power level reached 


and the decline of the main resonance (de- 
crease in magnetic susceptibility) as the in- 
cident RF power is increased are shown in 
several curves (Figs. 2—4) for some of the 
polycrystalline ferromagnetic samples eval- 
uated. These two parameters are plotted as 
functions of the square of the RF field, and 
the decline of the main resonance is com- 
pared to the low power normalized value of 
the magnetic susceptibility, Y’’. Figs. 2 and 
3 are representative of the common types of 
ferrite materials in which there is a sub- 
stantial decline of the main resonance and 
a corresponding broadening of the line- 
width as the incident power level is in- 
creased. 

From the standpoint of practical applica- 
tion, it is probably more meaningful if vari- 
ations in linewidth and resultant figures of 
merit! are presented as functions of the in- 
cident power rather than the microwave 
RF field. Therefore, the RF fields for the 
various samples were converted to the 
equivalent power in X-band waveguide, 
based upon the derivation of Stern and 
Mangiaracina,® and the calculated figures of 


_4B. Lax, “Frequency and loss characteristics of 
microwave ferrite devices,” Proc. IRE, vol. 44, pp. 
1368-1386; October, 1956. 

5 E. Stern and R. S. Mangiaracina, “Ferrite high 
power effects in waveguides,” IRE TRANS. ON MICRO- 
WAVE THEORY AND TECHNIQUES, Vol. MTT-7, pp. 
11-15; January, 1959. 


6)] would ordinarily indicate the desirabil- 
ity of using narrow linewidth materials for 
high-power devices. However, because of 
line broadening, the figures of merit de- 
crease rapidly with increased power, indi- 
cating that poor device p2rformance will 
result at high power levels. Therefore, a 
narrow linewidth material must be chosen 
judiciously. It should also be noted that the 
use of narrow linewidth materials introduces 
the problem of maintaining a high degree of 
magnetic field stability, since a compara- 
tively small shift in the magnetic field may 
result in a complete loss of the resonance 
condition. 

The curve for type 447-1100 material 
(Fig. 4) is surprising, inasmuch as there is 
no appreciable decline of the main resonance 
and the linewidth becomes narrower with 
increasing RF field. A first explanation of 
this anomalous behavior is to attribute it to 
heating effects. Therefore, measurements 
were made over a range of duty cycles 
varying from 12.510 to 3X10 for con- 
stant peak power, and no change in the re- 
sults were noted. No theory has been offered 
to explain the peculiar behavior noted for the 
type 447 material. The fact that this ma- 
terial is relatively porous and has small 
grain size may account, in part, for the ob- 
served results. The peculiar behavior of this 
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Fig. 5—Dependence of magnetic susceptibility on the 
reciprocal of the RF magnetic field at high power 
levels for type-YIG material. 
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Fig. 6—Dependence of the magnetic susceptibility on 
the reciprocal of the RF field at high power levels 
for type R1 material. 
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Fig. 7—Dependence of the magnetic susceptibility on 
the square of the RF field at low power levels, and 
on the reciprocal of the RF field at high power 
levels for type-414 material. 
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Fig. 8—Observed linewidth and decline of the main 
resonance as a function of incident power (square 
of RF field) for single crystal type-YIG material. 


material is naturally reflected in its figure 
of merit [Table II, 8)] which, rather than 
decreasing in the expected manner, in- 
creases with incident power. 

Type 447 material has been successfully 
used in high-power device applications. 
Since the linewidth and resonance absorp- 
tion remain fairly constant with incident 
power, one would expect this material to 
provide satisfactory device characteristics 
at high power levels. 
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TABLE III 
CriticaL RF FIe.ps (h,) AND CORRESPONDING SPIN-WAVE 
RESONANCE LINEWIDTH (AH) 
Material 4nM, AH h AH; 
. suerie Oersteds Oersteds Oersteds Oersteds 
414 650 166 - Died, Ons 
551-16 1100 143 4.9 0.16 
VIG 1800 44 1.6 0.3 
R1 2100 505 9.2 0.09 
, YA=8 1800 56 1 ites 0.23 
Single-Crystal YIG, Unpolished 1750 135: 0.33 0.13 
Single-Crystal YIG, Polished 1750 6.5 O17 0.16 


47M, =saturation magnetization 
AH =linewidth of sample 
ho =RF field 
AH, =spin-wave resonance linewidth 


The curves in Figs. 2 and 4 show an 
erratic behavior at “medium” field and 
power levels, which is not caused by experi- 
mental deviations. The fine structure noted 
in this region should be investigated further 
in order to determine the reason for the 
anomalous behavior. 

Green and Schlémann’ have shown that 
at fairly low power levels the susceptibility 
varies linearly with the square of the RF 
magnetic field strength, and that at high 
power levels, the susceptibility is inversely 
proportional to the amplitude of the RF 
magnetic field strength. The representative 
data presented in Figs. 5 and 6 tend, in gen- 
eral, to confirm these results. 

The dependence of the susceptibility on 
1/h at high power levels was compared to 
the linear relationship with the h? depend- 
ence at low power levels. The results for a 
representative sample are shown in Fig. 7. 
In all cases, the values for the magnetic 
susceptibility X’’ are normalized to the low- 
power value. 

The data presented can also be used to 
determine the critical field strength and the 
corresponding spin-wave resonance line- 
width by use of the method of Schlomann, 
Saunders, and Servetz.7 These values for the 
materials investigated are presented in 
Table III. It is interesting to note that the 
variations in AH; are much smaller than 
those in AH. 

The only single-crystal material investi- 
gated was yttrium-iron garnet. One sample 
of this material was checked both before and 
after it was polished. The results, which are 
given in Fig. 8, show the dependence of the 
linewidth and the decline of the main reso- 
nance on incident RF power. The results also 
show the expected effect of surface finish 
for narrow linewidth materials. The effec- 
tiveness of a polished surface in reducing 
linewidth is evident. 


CONCLUSIONS 


Information has been obtained concern- 
ing the dependence of linewidth and the de- 
cline of the main resonance on incident 
microwave power level for several common 
types of ferromagnetic materials. 

The anomalous behavior noted in these 
experiments indicates the need for addi- 


6 J. J. Green and E. Schlémann, “High Power 
Ferromagnetic Resonance at X-Band in Polycrystal- 
line Garnets and Ferrites,” Raytheon Co., Waltham, 
Mass., Tech. Memo. T-168; 1959. 

7. Schlémann, J. Saunders, and M. Servetz, 
“T-Band Ferromagnetic Resonance Experiments at 
High Peak Power Levels,” Raytheon Co., Waltham, 
Mass., Tech. Memo. T-167; 1959. 


tional theoretical and experimental study. 

An indication has also been obtained of the 

direction to be taken in ferromagnetic ma- 

terial research in order to achieve optimized 

performance of microwave ferromagnetic 

devices, such as isolators, circulators, power 
limiters, and parametric amplifiers. 
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I. REINGOLD 

U.S. Army Signal Res. and Dev. Lab. 
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Green’s Function Techniques for 
Inhomogeneous Anisotropic Media* 


In many problems involving the guiding 
and radiation of electromagnetic waves the 
solution for the field quantities at points in 
space is given in terms of integrals of the 
field quantities over their values on a closed 
surface. These integrals are often derived 
through the application of vector Green’s 
theorems. The Green’s function used in any 
particular application is usually determined 
by the special considerations of that prob- 
lem, but it is convenient to use, as the 
Green’s function, a solution of the vector 
wave equation which is singular at the point 
where the field is to be computed. In this 
article the concept is extended to include 
media which are anisotropic and may be in- 
homogeneous as well. Use is made of the 
generalized reciprocity relationships for 
anisotropic media.! This involves the use of 
the media of a given problem termed “orig- 
inal media” and those characterized by 
transposed tensor parameters and termed 
“transposed media.” 

If the media for a given problem are an- 
isotropic with tensor constitutive parame- 
ters which are not necessarily symmetric, 
the following identity forms a convenient 
starting point: 


* Received by the PGMTT, August 8, 1960; re- 
vised manuscript received November 28, 1960. This 
work is condensed from a chapter of a dissertation 
submitted in partial fulfillment of the requirements for 
the Ph.D. degree, Syracuse University, Syracuse, 
N. Y. It was performed at Syracuse University and 
was sponsored by the Office of Ordnance Res., U. S. 
Army, Contract No. DA-30-115-ORD-861. 

1R, F. Harrington and A. T. Villeneuve, “Rec- 
iprocity relationships for gyrotropic media,” IRE 
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, 
vol. MTT-6, pp. 308-310; July, 1958. 
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= ¢4 (A x [¢] vx B 
— Bx |é]v x A)-dS, (1) 


where A and B are vector functions of posi- 
tion, and the surface integral extends over 
the surface enclosing the volume V. Here 
[@] is a tensor function of position and is 
not necessarily symmetric. The tilde indi- 
cates the transposed tensor. This identity 
may be derived by applying the divergence 
theorem to 


Sil vax [lv X B 


— BX [¢]v X A)dv, (2) 


and transforming the volume integral by the 
identity 


AVA @ Gb 2 0 =a 5 Ac VQ aN CIC VAN ¢ nm ©) 


Now let B=E and A SG, where E£ is the de- 
sired electric field intensity due to sources 
outside of V, and G is arbitrary. If [¢]| 
= [u|—“/jw, (1) becomes 


[fJ.@exl@rvx 


—G-V&X [u} Vv X B)do 


= ¢} (GX [ul vx E 


— EX [f]J"vxG)-dS. (4) 
Now let G be a solution of the equation 


VX [a}-v x G— w[E]E 
= — u,3(|7—7'|), (5) 


where 6(|7|) is the Dirac delta function and 
7’ is within V. The tensors [u] and [e] are, 
respectively, the tensor permeability and 
permittivity of the original media in which 
the fields must be determined, #% is a con- 
stant unit vector, and w is the angular fre- 
quency. Time variations of the form e/*! are 
assumed. Since G is singular at 7=7’, this 
point must be excluded from V by enclosing 
it within a small sphere of radius o as in 
Fig. 1. In the remaining volume Vi, the 
volume integrand vanishes identically and 
the identity of (4) becomes 


ff Gx lv x B- Ex fav x 6-28 


=— Aa (GX [ul vx E 
— EX [a}"v x @)-d5. (6) 


On taking the limit of the left-hand side as 
o—0, and in view of the singularity assumed 
in (5), one arrives at the result 


tip EP’) = = ¢4 Gx fulv XE 


— EX [fv x G)-dS, (7) 


which is the component of /(7’) along the 
unit vector %. Since #, may be arbitrarily 
oriented, this amounts to a complete deter- 
mination of E(7’). This expression is anal- 
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ogous to expressions occurring in the iso- 
tropic case with two important differences. 
First, [uw] is a tensor, and second, G now 
satisfies a vector wave equation in the 
transposed media rather than in the original 
media. 

The foregoing was applied to a closed 
source-free region. It was found that the 
total field could be expressed in terms of 
the Green’s function and of the fields on 
the surface bounding the region. Next con- 
sider a region with a source as shown in Fig. 
2. The technique will be formulated for a 
point in V’, the volume bounded by S and 
>. Call the volume bounded by a, S and &, 
V2, and let J* be an impressed electric cur- 
rent density within V2. Therefore in V’ the 
electric field satisfies 


VX [uw |v is = w[e)E = — joo. (8) 


Fig. 1. 


Fig. 2. 


With these definitions a procedure similar 
to that above yields 


EG = ii f f (ee 
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Thus, the field at 7’ in V’ is completely de- 
termined. If recedes to infinity it may be 
shown that the integral over this surface 
vanishes? with the result 
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2J. R. Mentzer, “Scattering and Diffraction of 
Radio Waves,” in Pergamon Sci. Ser., “Electronicsand 
Waves,” Pergamon Press, Inc., New York, N. VY 
vol. 7, pp. 12-22: 1955. 


” 


March 


Through the modified reciprocity theorem 
the first term on the right-hand side of (10) 
becomes 


fff e-Fa 
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= ip EX(r’). (11) 


Thus, (10) becomes 
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This is an example of a modified Green’s 
function technique which may be applied to 
anisotropic media. The only difference be- 
tween this technique and that for isotropic 
media is that the Green’s functions used 
satisfy equations for the transposed media. 
ALFRED T. VILLENEUVE 

Hughes Aircraft Co. 

Culver City, Calif. 


N-Way Power Divider* 


An N-way power divider is an (V+1) 
port network with N equal outputs. If we 
assume the NV outputs are symmetrical and 
the input port (1) is matched, then 

0 Sie Sie Sie scan Sie 
Siz Sze Seg S23 + + + S23 


Sie S23 S23 S23 sg Se S22 


which is a scattering matrix of the (V+1)th 
order. Since the device is lossless, the matrix 
is unitary. Therefore, 


N|Si|? = il 
| Si2|? + | See |? + (W — 1) | Sas]? = 1 
Si1S12* + Si2Soo* + (W — 1)S12S28* = 0. 


The solution to this simultaneous equation 
indicates that 


1 
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* Received by the PGMTT, December 13, 1960. 
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It can be concluded that the VSWR into 
any output port is 


1+ |S22| 
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VSW Ry = 


= 2N —1; 
(N #1) 


, the isolation between any two output ports 
is 


Isolation av) = 10 log 


=? N 
5 20 log N 


| Sos 
(M #1) 
(V ¥ 1) 
(M # N) 


the coupling between the input and any out- 
put port is 


: 1 
Couplingiy = 10 log ——— = 10 log NV. 
(N *1) | Sis] 2 


It can be seen that when multi-outputs are 

required, say 10 or more, you can obtain 

some degree of isolation between the output 

ports. Directional couplers would be re- 

quired only if there were a necessity for each 

output port to simulate a matched gen- 
erator. 

HERMAN KAGAN 

Bogart Manufacturing Corp. 

Brooklyn, N. Y. 


Microwave Absorption Modulation 
by Electron Mobility Variation in 
n-Type Germanium* 


Microwave-radiation attenuation in a 
dissipative medium such as germanium in 
which the conductivity and microwave fre- 
quency conditions o<we and wr<1 are 
present has been shown by Gibson! to be 
attributed to the absorption constant rela- 
tion 


K = 16350/n db/meter, (1) 


where 7 is the carrier relaxation time, w the 
microwave angular frequency, and e the 
permittivity. In the above equation, a is the 
conductivity and » the index of refraction 
(4.05 in germanium). 

Arthur, ef al.,2 previously reported that 
37.5-kMc radiation absorption in n-type 
germanium could be modulated by a high 
external electric field across the crystal. 
Modulator operation depends on the phe- 
nomenon of electron-carrier mobility de- 
creasing as a function of the electric field.*4 
The semiconductor becomes transparent to 


* Received by the PGMTT, October 28, 1960; 
revised manuscript received, December 23, 1960. 

1 A. F. Gibson, “The absorption of 39-kMc radia- 
tion in germanium,” Proc. Phys. Soc. (London) B, 
vol. 69, pp. 488-490; March, 1956. 

27. B. Arthur, A. F. Gibson, and J. W. Granville, 
“The effect of high electric fields on the absorption of 
germanium at microwave frequencies,” J. E’ectronics, 
vol. 2, pp. 145-153; September, 1956. . 

3E. J. Ryder, “Mobility of holes and electrons in 
high electric fields,” Phys. Rev., vol. 90, pp. 766-769; 
June, 1953. 

4J. B. Gunn, “The field-dependence of electron 
mobility in germanium,” J. Electronics, vol. 2, pp. 87— 
94; July, 1956. 
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the radiation when the carrier slope mobility 
dv/dE becomes zero in the saturated drift 
velocity region. Since information is limited 
on this new type of microwave modulator, 
a more extensive investigation was made. 
The present work proposes to investigate 
the radiation absorption modulation result- 
ing from this effect at a lower frequency and, 
in addition, to observe the temperature and 
polarity conditions of the crystal that limit 
modulator operation. 

The experimental arrangement is shown 
in Fig. 1. Fabrication of the slotted wave- 
guide section through which the sample was 
inserted consisted of machining a nonradiat- 
ing slot through each side of the broad sec- 
tion of the rectangular waveguide. The in- 
cident 24.2-kMc radiation power was set at 
3 mw. An RF substitution method measured 
the attenuation changes. Measurements of 
the observed de signal from a 1N26 crystal 
detector were made on a Tektronix 545 
oscilloscope. The VSWR value with the sam- 
ple in the microwave field was 1.3, which cor- 
responds to a 0.07-db reflection loss. Poly- 
tetrafluoroethylene was placed between the 
crystal and waveguide section for electrical 
insulation, 
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Fig. 1—Block diagram of the experimental apparatus. 
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Small pieces of 5-ohm-cm -type ger- 
manium were sliced from the bulk single 
crystal and then lapped to the required 
thickness. The crystals were highly polished 
by etching® for two minutes in CP4 and 
rinsed successively in distilled water, ethyl 
alcohol, and carbon tetrachloride. To reduce 
hole injection from the positive-going end 
of each crystal, the wire lead on this end 
was mounted, using a m-n* junction. This 
junction was made with 95 per cent Sn—5 
per cent Sb solder. The solder containing 
zinc-chloride flux was melted in an argon at- 
mosphere and into this melt, the crystal end 
was immersed for five minutes at 600°C. 
This procedure produces alloying of the ger- 
manium and the Sn-Sb solder. Ordinary 90 
per cent Pb-10 per cent Sn solder was applied 
for the negative-end connection. The excess 
flux was removed by placing the crystal in 
warm distilled water. 

The germanium specimens had the form 
of a rectangular bar whose dimensions were 
393 mils long, 125 mils wide, and 5 mils 
thick. When the crystal was inserted 
through the waveguide and no voltage pulse 


5 1. N. Shive, “Intermediate surface treatment,” in 
“Transistor Technology,” Bell Telephone Labs., Inc., 
vol. 1, pp. 393-406; September, 1952. 
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was applied, the power attenuated 4.5 db. 
The crystal was oriented so that the pulsed 
electric field would be parallel to the RF 
electric field vector. During operation the 
crystal was subjected to 0.5-ysec voltage 
pulses at a repetition rate of 40 pps and fan- 
cooled. An increase in RF power was de- 
tected as the voltage pulse was raised. The 
change in attenuation as the pulsed electric 
field across the crystal was increased is 
shown in Fig. 2. This curve indicates that 
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Fig. 2—Absorption variation vs electric field. 


practically complete reduction of the 4.5- 
db attenuation occurs when the electric field 
across the sample was 4000 v/cm. This field 
strength represents the onset of the major- 
ity-carrier velocity saturation, which is in 
close agreement with observations made by 
Arthur.” The increase in the RF power when 
the pulsed electric field across the sample 
was 4000 v/cm is indicated by the pulse 
pattern shown in Fig. 3. The amplitude of 
the RF modulation pulse pattern remained 
the same when the electric field was in- 
creased from 4000 to 5000 v/cm. If the 
crystal was permitted to operate at a field 
strength of 3000 v/cm without being cooled, 
or if the pulse repetition rate was increased 
to 200 pps and cooling applied, the modu- 
lated RF power amplitude was quickly re- 
duced. This microwave absorption effect 
could be caused by an increase in the carrier 
density due to thermal ionization. The oc- 
currence, however, was nondestructive. 
The crystal returned to normal operation 
when cooling was restored or when the pulse 
rate of 40 pps was again applied. Fig. 4 indi- 
cates the results obtained when the n-nt 
junction was connected initially to the posi- 
tive-voltage lead and then to the negative- 
voltage lead when the field strength was 
2000 v/cm. From the oscillogram pattern, 
it is seen that hole injection will limit modu- 
lator operation if the »-m+ junction is not 
connected to the crystal’s positive-going 
end. It is further seen in Fig. 5 that some 
crystals with normal operating conditions 
(cooled and operated at 40 pps) exhibited 
two regions where RF power modulation 
changes occurred. These variations occurred 
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Fig. 3—Microwave absorption modulation pattern. 
P; and P» are the initial and absorption power 
levels respectively. Time scale =0.25 psec/divi- 
sion (E =4000 v/cm, 40 pps). 
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Fig. 4—Modulator operation dependence on junction 
polarity. Time scale=0.5 usecond/division (E 
=2000 v/cm, 40 pps). (a) N-N* junction con- 
nected to positive-voltage lead. (b) N-N* junc- 
tion connected to negative-voltage lead. 


Fig. 5—Modulation changes due to minority carriers. 
Time scale=0.5 wusec/division (ZH =4000 v/cm, 
40 pps). 


both during and following the 0.5-ysec volt- 

age-pulse application. This may be at- 

tributed to hole injection or to an ionization 

effect in these crystals. The region following 

the high-voltage pulse was of very long 
duration. 

MiLton HARMATZ 

USASRDL 

Ft. Monmouth, N. J. 


Coaxial to Strip Transmission Line 
Adapter* 


Over the past few years, strip transmis- 
sion line has shown itself capable of being 
utilized in a large number of microwave 
configurations which were previously con- 
structed in coaxial line or waveguide. In 


* Received: by the PGMTT, December 30, 1960. 
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many cases the components fabricated in 
strip transmission line are simpler to design 
and produce particularly where, as in the 
sandwich type of line, advantage may be 
taken of photo-etching techniques. This 
type of construction using copper-foil-clad 
dielectric material enables the foil to be used 
for both the center conductor and the 
ground planes. 

However, the use of such thin conduct- 
ing material with relatively poor adhesion 
between the metal and dielectric often 
leads to difficulties where the coaxial line is 
attached to the strip. The action of solder- 
ing the center pin of the coaxial line to the 
strip tends to destroy the adhesion between 
the foil and the dielectric. The first time the 
connection is made the results may be quite 
satisfactory, but in development work it is 
often necessary to assemble and dismantle 
a filter or other device many times to make 
adjustments and alterations. If a soldered 
connection is used in such a situation, the 
end of the strip is soon distorted and loos- 
ened to such an extent that measurements 
made through the junctions are meaningless. 
To overcome this difficulty, a solderless 
transition has been devised for use in our 
laboratory work. An exploded view of this 
transition showing the important dimen- 
sions is given in Fig. 1. 
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set screw in the threaded boss in the transi- 
tion block holds the button tightly against 
the flattened pin, insuring good electrical 
contact between the pin and the center con- 
ductor. 

The parts used for the coaxial end of the 
adapter were originally taken from a stand- 
ard UG-1186/U connector with the body 
shortened and threaded as shown. However, 
after the initial connectors proved successful, 
a large quantity was made to our design by 
a manufacturer. 

These connectors have been used over 
the range of frequencies from 300-6000 
Mc and have given very satisfactory results. 
In order to confirm our opinion, measure- 
ments were made on a number of these con- 
nectors using the method of measuring a 
junction described by Wentworth and 
Barthel. 

Six adapters, taken at random from 
stock, were each measured with six different 
lengths of strip transmission line. This in- 
volved 36 assemblies and disassemblies of 
the transitions, but the uniformity of the 
results indicated that this had no adverse 
effect. At any frequency and with one par- 
ticular length of line, the variation of the 
position of the voltage minima on the slotted 
line was less than +0.2 mm with reference 
to the mean for the six transitions. This is of 
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The adapter could have been of either 
the right-angle or in-line type, but the latter 
was chosen for mechanical strength and 
convenience, in addition to the fact that a 
symmetrical transition is less likely to intro- 
duce spurious modes. The channelled transi- 
tion block is fastened to the stripline by two 
machine screws. This provides the mechan- 
ical attachment and the electrical connec- 
tion to the ground planes. The flattened 
pin is accommodated in a slot milled in the 
lower surface of the upper dielectric sheet. 
The pin is pressed against the etched center 
conductor by a button of the same material 
as the dielectric of the line which is a loose 
fit in a hole in the upper dielectric sheet. A 


the same order as the expected experimental 
error and represents a spread of less than 
+0.005 wavelength at the highest fre- 
quency. This close agreement between the 
measurements on the various adapters en- 
abled the mean VSWR of the junctions to 
be computed from the average readings 
(Fig. 2). The true VSWR of a particular 
junction would not differ from this mean 
value by more than +0.03. 


1F. L. Wentworth and D. R, Barthel, “A simpli- 
fied calibration of two port transmission line devices,” 
IRE Trans. oN MICROWAVE THEORY AND TEcH- 
NIQUES, vol. MTT-4, pp. 173-175; July, 1956. 
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Our experience has shown that these 
connectors have a low enough VSWR to be 
adequate for all but the most critical situa- 
tions and may be assembled and dismantled 
numerous times without damage to either 
the connector itself or to the strip to which 
it has been connected. 

J. H. CRAVEN 

Radio & Elec. Engrg. Div. 
Natl. Res. Council 
Ottawa, Ont., Can. 


A Note on Loaded Line Synthesis* 


The purpose of this note is to present an 
alternate derivation of a formula for the 
synthesis of a loaded line. The problem is to 
determine the values of the normalized 
susceptances a@ and c¢ mounted an exact 
quarter-wavelength apart along a uniform 
line. These are arranged in the order a, 
PeeGi = =“ c,. a to achieve a loaded 
line with a given phase shift and perfect 
match. In order to analyze a particular 
loaded line design for standing-wave ratio 
and phase shift over a band of frequencies 
on a digital computer, it is worthwhile to 
know the values of the susceptances to 
many more decimal places than one would 
achieve from a simple graph. 

In branch transmission line couplers, 
where the length of branches and the spacing 
between them are each exactly a quarter- 
wavelength long, the calculated response 
(standing-wave ratio and fraction of power 
out each arm) is symmetrical on a normal- 
ized frequency basis F where F=f/fo or 
F=)g0/dg when waveguide is used. For 


example, the response is the same at F=" 


0.80 as it would be at F=1.20. 

The response is not symmetrical in the 
case of a half-wave or quarter-wave rotating 
plate consisting of round waveguide loaded 
with a cascade of irises which are alternately 
all capacitive or all inductive as the guide is 
rotated. However, if the values of a and 
c are assumed to have a frequency varia- 
tion which is reasonable (inductive varying 
as 1/F and capacitive varying as F), the dif- 


* Received by the PGMTT, October 29, 1959; 
revised manuscript received, January 3, 1961. 
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ference in phase between the two positions 
of the plate does not change with frequency 
near the design center. That is, the phase 
shift of the plate, when it is used as a capac- 
itive iris array minus that when it is an in- 
ductive iris array, has the desired value, and 
the rate of change of this value with respect 
to frequency is zero at the design center. 
The assumption is made that the magnitude 
of the susceptances are the same when the 
irises are inductive as when the irises are 
capacitive. 

Consider a single shunt susceptance of 
normalized value, jc. Its matrix is 


nO) 
je M= [ ; |: 
qe i 


For two such susceptances separated by a 
quarter wavelength of unity impedance line 


ic u=[) lls Alas 1 
bre ~ ees 1) = @) 


For three susceptances 


be rsa ote x/4-ef 
iaartat eetr(—7) 
aes ote 


For ” susceptances separated by »—1 quar- 
ter wavelength of line 


Sal =0) “7Sp=(Se 
pear oe a eel o 
where 
S_i(—c) = 0 
So(—e) = 
Si(—e) = —c (5) 
So(—c) =c?—1 
S3(—c) = — + 2¢ 
Sn4i(—¢) = — 6Sn(—c) — Sna(—e). (6) 


The polynomials S,(—c) are Chebyshev 
[2] polynomials of the second kind. 

If a shunt susceptance ja is put a quarter- 
wavelength away from each end to achieve 
a matched condition, the matrix becomes 


ja ic jc : 


fo n74 ele ./4-2ber/4 ly] 


—aSn(—c) 


i =~ Sn-1(—6) 
aes Rone + 24aSn-1(—¢) + Sn—2(—¢)) 
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This matrix represents a line of length @ and 
a normalized impedance of unity if each 
term in it is equal to those of a matrix of 
this length of line: 


ne [ ee j sin al (8) 


jsin@ cosé 


On equating matrix (7) with (8), the value of 
c can be found by setting S,(—c)= sin 6 
by inverse interpolation in the tables [2]. 
Then the value of @ to give a matched 
line is 


. | | cos a | - [Seen(—2)| ; 


sin @ 


There are two values of a which will match 
out the loaded line; the one which should 
usually be used is that with the smaller 
magnitude. The algebraic sign of a@ is the 
same as ¢ and may be either positive or 
negative, depending on whether the result- 
ing loaded line is to be effectively longer or 
shorter than the unloaded line. 

An earlier contribution [3] has been 
based on using the value of a as exactly 
one-half that of c. The element spacing 
was then computed so that the differential 
phase shift was as desired. This scheme re- 
sults in spacings which are not an exact 
quarter-wavelength and therefore may not 
give a symmetrical frequency response es- 
pecially for small numbers of elements. 


APPENDIX 


The general circuit matrix of a dissipa- 
tionless reciprocal symmetrical two-port 
network can be represented as 


2} 


In this 42—BC=1 and A isa purely real 
quantity and B and C are purely imaginary. 
The matrix of a cascade of of these net- 
works may be found by raising (1) to the 
nth power. 

For n=2 


A se 21 BOA eae 
[ A =e Angle 
Forn=3 


[c 


4A3— 3A B(4A2—1) 


12 
C(44A2—1) 4A4%—3A (2) 


For the general case of m identical net- 
works the matrix product may be expressed 
as [5] 

Tn(A) BU, -1(A) 


alam ena 8 


T,(A) and U,1(A) are Chebyshev poly- 
nomials of the first and second kind in A [2]. 


ISnk (=o) 
—aSy(—c) — — Sn- ent @) 
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An alternate expression for this matrix prod- 
uct is 


pina [1/2Cn2A) BSna(2A) 
= eee PIC OAL 


CA2A) and Snai(2A) are Chebyshev 
polynomials of the first and second kind 
normalized to 2A rather than A as in (13). 
Term-by-term identification of (13) and 
(14) serves to define the Chebyshev poly- 
nomials C, and S,_1 in terms of Chebyshev 
polynomials T,, and Un1. The Chebyshev 
polynomials C,(x) and S,(«) are available 
[2] for m=2(1)12 (z.e., from 2 to 12 in steps 
of one) for x=0(0.001)2 to 12 decimal 
places. In this reference U;,1(x) is employed 
where U,,(x) is usually found [4], [5]. 

A useful quantity for reflection loss and 
the resulting standing-wave ratio of a peri- 
odic transmission line structure is the equiv- 
alent susceptance Beq which would give the 
same VSWR or insertion loss in a unity im- 
pedance line. It is found by jBeg=B—C 
(15) for one stage or j7Beq=(B—C)Sn41 
(2A) (16) for m stages; the relation to voltage 
standing-wave ratio r is 


(14) 


r—1 

1B i Vel (17) 
and to power insertion loss is 
Bene 

= eer a (18) 


These relations are valid in both the pass 
band |A| <1 and the stop band | A|>1. 


JOHN REED 
Raytheon Co. 
Wayland, Mass. 
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X-Band Diode Limiting* 


Broad-band, matched, low power, in- 
stantaneous, passive, X-band diode limiting 
has been demonstrated. The limiter, which 
uses standard microwave components, is an 
outgrowth of point contact germanium diode 
microwave switch research. In fact, the 
hybrid-tee switch! makes a very good nar- 
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row-band limiter under the condition of zero 
bias voltage on the crystals (biasing termi- 
nals short circuited). The output power un- 
der these conditions is limited to 0.5 mw? for 
incident power up to 30 mw, deduced from 
Fig. 9 of Garver, et al.1 However, the band- 
width of the hybrid-tee switch when used as 
a limiter is insufficient for many applica- 
tions such as limiting the amplitude of a 
0.2-usec magnetron pulse or flattening a fre- 
quency-modulated klystron mode. 

From our experience with the hybrid-tee 
switch, we concluded that any diode switch 
providing high isolation with diode conduc- 
tion and low insertion loss with nonconduc- 
tion will function passively as a limiter. Low 
RF power does not cause significant diode 
conduction, while high RF power results in 
conduction which changes the diode imped- 
ance, causing increasing attenuation. Thus 
a more broad-band switch is needed that 
provides high isolation with the diode in the 
conducting state. 

Although the basic X-band diode switch 
using a point contact germanium diode such 
as the 1N263 is broad-band, it provides high 
isolation in the nonconduction state, and 
therefore does not fulfil the above criteria. 
In fact, with its biasing terminals short- 
circuited, this switch acts as an expander. 

Using a technique developed by Sweet,’ 
it is possible to make a broad-band switch 
having isolation with diode conduction and 
which is matched as well for all biases on the 
diode. Fig. 1 shows the block diagram for 
using Sweet’s technique at X-band. If both 
arms containing diodes are identical re- 
flectors, the properties of the 90°, 3-db 
coupler are such that the phases of the re- 
flected waves add at the output arm and 
cancel at the input arm; thus all power re- 
flected from the diodes comes out the output 
arm, and the input arm always appears 
matched. Using slide screw tuners next to 
the diodes, a switch has-been made giving 
isolation greater than 20 db over a 400-Mc 
bandwidth with an insertion loss of 0.7 db 
or less. The isolation is greater than 30 db 
over a 150-Mc bandwidth. This is much 
better than the hybrid-tee switch isolation 
of greater than 30 db over a 20-Mc band- 
width. 

When the short-slot hybrid junction 
switch with two diodes is used as a limiter, 
however, the output does not remain con- 
stant with increasing incident power but 
increases slightly. The action could be better 
described as compression. Better limiting is 
obtained by using power sensitive tuners 
behind the diodes instead of fixed tuners. A 
second 1N263 space ? A, from the first has 
been found to give the flattest limiting. As 
shown in Fig. 2, the output at the center 
frequency is limited to 0.43 mw +0.1 db for 
all incident power from 2 mw to 200 mw. 
For pulsed power up to 10 watts peak, the 
output increases to 2 mw peak. Pulse energy 
greater than 1 watt usec permanently dam- 
ages the diodes so that the low power inser- 
tion loss of the limiter is increased above its 


2 Open-circuit bias terminals cause limiting at a 
higher output power level. 

3 L. Sweet, “Instantaneous Automatic Gain Con- 
trol (IAGC) Techniques for Crystal Video Receivers,” 
PRD Final Rept. 4.13, Contract No. AF 30(602)- 
1434/ Proj. No. 4505, Task No. 45215, ASTIA AD 
148728; December 1, 1957. 
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Fig. 1—Block diagram for making 
matched diode switch. 
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Fig. 2—Limiting using 4 1N263’s anda 
short-slot hybrid junction. 
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Fig. 3—Frequency dependence of limiting 
with diodes at {Ag spacing. 


typical value of 0.7 db. 

The frequency dependence of the limit- 
ing for $ \g spacing is shown in Fig. 3. For 
input power ranging from 2 mw to 200 mw, 
the output power is 0.45 mw+1 db over a 
60-Mc bandwidth, and +2 db over a 120- 
Me bandwidth. This limiter has been suc- 
cessfully used for suppressing the unwanted 
AM from an FM klystron.® Unless fringing 
effects forbit it, flat limiting should occur at 
one quarter wavelength between diodes. 
With the smaller spacing it is anticipated 
that only the abcissa of Fig. 3 would be 
changed, so that the data for 9.1 Ge would 
occur at 8.7 Gc and the data for 9.5 Ge would 
occur at 9.9 Ge, 7.e., the bandwidth should 
be tripled. To place the diodes one quarter- 
wavelength apart it will be necessary to re- 
design the diode mount so that it is smaller. 
Since the limiter does not require external 
biasing terminals or RF chokes, the dc 
shorts can be built into the diode mounts. 


R. V. GARVER 

D. Y. TsENG 

Ordnance Corps. 

Diamond Ordnance Fuze Labs. 
Washington, D. C. 


‘To obtain such flat output, it was necessary to 
use selected diodes. Diodes picked at random will give 
about 1 db variation in output. The characteristics 
were also slightly affected by diode rotation and seat- 
ing. 

_ 5J. Samuel, “Diamond Ordnance Fuze Laborator- 
ies Workbook No. 1955.” Unpublished. 
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A Note on the Difference Between 


Equiangular and Archimedes Spiral 
Antennas* 


There seems to exist in the literature con- 
siderable confusion about the various types 
of spiral antennas, their characteristics, and 
their bandwidth capabilities. One evidence 
of this confusion appeared in a paper by 
Bower and Wolfe,! in which they state that 
the Archimedes spiral antenna can be speci- 
fied in terms of angles and hence belongs in 
the class of “frequency-independent anten- 
nas.” Frequency-independent antennas are 
relatively new; in fact, until 1955 there was 
no evidence that a “frequency-independent” 
antenna did, indeed, exist.2 Therefore, it 
would appear appropriate to delineate the 
characteristics and the terminology of the 
antennas involved. Perhaps this brief report 
of some recent work at the University of 
Illinois Antenna Laboratory will aid in 

' pointing up the differences in operation of 
the logarithmic (7.e., equiangular) and 
_ Archimedean spiral antennas. 

It has long been recognized that the log- 
spiral curve is specified by an angle, a, the 
angle between the position vector to a point 
on the curve and a tangent to the curve at 
that point. This property of the curve leads 
to the alternate name, equiangular spiral. 
It was pointed out by Rumsey? in 1954 
that this property of the log-spiral makes it 
possible to specify an antenna based upon 
this curve entirely by angles except for a 
necessary arm length; hence, such an an- 
tenna might possibly be a frequency-inde- 
pendent structure. It has been shown that 
frequency-independent operation of log- 
spiral antennas is indeed possible over band- 
widths limited only by precision of con- 
struction. Rumsey also pointed out that 
magnification of the log-spiral curve is 
equivalent to a rotation so that a change in 
the operating wavelength of a log-spiral an- 
tenna can be exactly compensated by a ro- 
tation of the antenna. For loosely wound 
spirals in a plane (small a) the radiation pat- 
terns are not rotationally symmetric and a 
rotation of the elliptic cross section of the 
beam is observed with frequency.® For 
tightly wound spirals this rotation is un- 
observable because of the symmetry of the 
beam. 

The Archimedean spiral is not specified 
by any one angle. The angle a between the 
position and tangent vectors on this curve 
is a function of position on the curve. (It 
can be easily shown that a=arctan ¢, where 
¢ is the azimuthal angle swept out in gen- 
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erating the curve.) For very tightly wound 
spirals this angle, far from the origin, is a 
slowly-varying function. If, as is widely be- 
lieved, the radiation from the Archimedean 
spiral occurs from a localized band on the 
antennas, then in these few turns of a tight 
spiral sufficiently far from the origin the 
angle a will be relatively constant, and the 
Archimedean spiral is a very close approxi- 
mation to a tightly wound log-spiral. In 
fact, the Archimedean spirals which have 
been utilized over broad bandwidths are so 
tightly wound that the angle a changes lit- 
tle over the entire radiating structure so 
that the operation likewise changes little 
over the operating bandwidths. This differ- 
ence in the two spiral curves is the principal 
reason why an Archimedean spiral antenna 
must have many closely spaced turns to 
operate successfully while planar log-spiral 
antennas can be constructed with only 14 or 
2 turns in a relatively loose spiral. 

In order to point out the difference be- 
tween Archimedean and log-spirals it is 
therefore necessary to magnify the changing 
a of the Archimedean curve. This could be 
done by constructing a loosely spiraled 
planar antenna. However, it can also be 
shown by constructing an Archimedean 
spiral antenna on a conical surface. 

It has been previously shown® that the 
conical log-spiral is a useful antenna be- 
cause it has a frequency-independent uni- 
directional radiation pattern. One of the 
characteristics of the conical log-spiral an- 
tenna is that the beamwidth is directly re- 
lated to the angle a and since this angle is a 
constant for a given antenna the beamwidth 
can likewise be held relatively constant as a 
function of frequency. Similar unidirectional 
patterns can be obtained from the conical 
Archimedean spiral. Planar Archimedean 
spiral curves, which would describe a bal- 
anced antenna with well formed bidirec- 
tional patterns, may be orthogonally pro- 
jected onto a conical surface as shown in 
Fig. 1(a). A similar projection is shown for 
the log-spiral in Fig. 1(b). In a particular 
case observed, the angle a for the conical 
Archimedean spiral antenna varied between 
approximately 45 degrees and 85 degrees 
whereas the log-spiral antenna constructed 
on the same cone has a fixed a of 85 degrees. 
The effect of the changing @ on the radiation 
pattern of the Archimedean spiral as com- 
pared with the frequency-independent pat- 
tern of the log-spiral is shown in Fig. 2. The 
variation of the beamwidth of the conical 
Archimedean spiral with frequency is con- 
trasted with the constant beamwidth of the 
conical log-spiral in Fig. 3. A similar contrast 
between Archimedean- and log-spiral opera- 
tion has been obtained when using four-arm 
spirals to produce conical beams.? 

The above comments are not intended 
to detract in any way from the merit of the 


6 J. D. Dyson, “The unidirectional equiangular 
spiral antenna,” IRE TRANS. ON ANTENNAS AND 
PROPAGATION, vol. AP-7, pp. 329-334; October, 1959. 
Also, Antenna Lab., University of Illinois, Tech. 
Rept. No. 33, Contract AF33(616)-3220; July, 1958. 

7 J. D. Dyson and P. E, Mayes, “New circularly 
polarized frequency independent antennas with con- 
ical beam or omnidirectional patterns,” submitted for 
publication in the IRE TRANS. ON ANTENNAS AND 
PropaGaTion, Also, Antenna Lab., University of 
Illinois, Tech. Rept. No. 46, Contract AF33(616)- 
6079; June, 1960. 
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Archimedean spiral antenna. The Archime- 
dean spiral was a significant contribution to 
broad-band antennas and the work of Tur- 
ner® on this antenna preceded that on the 
log-spirals at Illinois. However, there are 
basic differences in the Archimedean and log- 
spiral structures and in their characteris- 
tics, such as radiating efficiency and ulti- 
mate bandwidth capabilities. To loosely 
group all spiral antennas together and as- 
sume that the characteristics associated 
with one type are automatically to be found 
in the other can lead to erroneous conclu- 
sions. 
P. E. Mayes 
J. D. Dyson 
Elec. Engrg. Dept. 
University of Illinois 


Urbana, IIl. 


Rebuttal 


Naturally, we were quite interested in 
Mayes and Dyson’s letter on the difference 
between the equiangular and Archimedean 
spiral antennas, and we appreciate their 
calling our attention to a controversial 
statement in our paper.! We implied that, 
except for diameter, the Archimedean spiral 
is completely described by angles, and hence 
belongs to the class of so-called frequency- 
independent antennas. We are afraid, how- 
ever, that some of the remarks in the cor- 
respondences cannot pass unanswered, and 
we should like to comment on three points: 


1) the statement in our paper, 

2) the meaning of frequency independ- 
ent antennas, and 

3) the comparative data given in the 
correspondence. 


As the note so aptly points out, the 
Archimedean spiral is not specified by any 
one angle. In fact, had this spiral been ca- 
pable of such a description, namely, that the 
angle between position vector and the 
tangent to any point on the curve is con- 
stant, Archimedes himself would probably 
have called it the equiangular spiral. We do 
admit, and apologize, for a poor choice of 
words, but hasten to add that there is a 
distinct difference between the statement 
as we made it, and the statement attributed 
to us in the correspondence; the words 
“specify” and “describe” are not synony- 
mous, in either the vernacular or the mathe- 
matical sense. 

With respect to our having included the 
planar Archimedean spiral in the class of 
frequency-independent antennas, Mayes 
and Dyson’s comments are far more apro- 
pos. There is, indeed, widespread confusion 
about the term “frequency-independent an- 
tennas.” For our part, there is no confusion; 
a frequency-independent antenna is just 
that—none of its characteristics exhibit 


8 KE. M. Turner, “Sprial slot antenna,” Wright Air 
Dey. Ctr., Wright-Patterson AFB, Ohio, Tech. Note 
WCLR-55-8; June, 1955. 
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any change with frequency. It is indeed un- 
fortunate that the term was applied to a 
physical structure in the first place. The con- 
fusion stems entirely from the fact that 
many authors have associated the term 
“frequency-independent antenna” with the 
fact that the characteristics of the antenna 
are frequency-independent, and with a 
geometry which theoretically gives rise to an 
antenna which has frequency-independent 
characteristics. The two descriptions are not 
the same. 

Mayes and Dyson properly point out 
that, in contrast to the equiangular spiral, 
the angle a between the position and tangent 
vectors for Archimedean spiral is a function 
of position on the curve. However, they go 
on to say that “this difference in the two 
spiral curves is the principal reason why an 
Archimedean spiral antenna must have 
many closely spaced turns to operate suc- 
cessfully, while planar log-spiral antennas 
can be constructed with only 13 to 2 turns 
in a relatively loose spiral.” With respect to 
the effect of a on the characteristics of log- 
spirals, we quote from Dyson’s paper,® in 
which he states that “... the more tightly 
spiraled antennas, and the antennas with 
wider arms, tend to have smoother and 
more uniform patterns.” He later states, 
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with reference to a particular antenna: “the 
variation in beamwidth is held within 4 de- 
grees by antenna reorientation when the fre- 
quency is varied from 2 to 5.18 kMc... 
compared with the variation of approxi- 
mately 50 degrees over the same band of fre- 
quencies without reorientation.” In other 
words, for pattern or rotational symmetry 
corresponding to small beamwidth varia- 
tions without reorientation, the log-spiral 
must be tightly wound—a conclusion quite 
analogous to that made for the Archimedean 
spiral. 

Mayes and Dyson go on to say that in 
order to point out the difference between 
the two spirals, it is necessary to magnify 
the changing a of the Archimedean curve, 
and proceed to illustrate their point by con- 
structing spirals on a conical surface. Now 
in our opinion, conclusions drawn from the 
conical surface are not directly applicable to 
the planar case in question. The data shown 
in Fig. 3 of the correspondence are of little 
value in the absence of further qualifica- 
tions; and even if suitably qualified, they 
might have little bearing on the more ap- 
propriate comparison based on planar spirals. 

To illustrate what can be done with 
planar Archimedean spirals, we call your 
attention to Figs. 4 and 5 which show actual 


Fig. 6—Radiation patterns of antenna 2M15-C. 
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data® taken on a cavity-backed Archime- 
dean spiral; these data are typical of what 
has been observed on similar units over the 
frequency range from 200 through 5000 
Mc. The antenna shown is not frequency- 
independent, although its characteristics 
‘might easily be termed “broad-band.” 

In contrast, data obtained by Dyson 
for a bidirectional, planar, equiangular spiral 
antenna (no cavity) are reproduced in Figs. 
6 and 7. These are the antennas which 
Dyson and others have called “frequency- 
independent.” The fact is, any antenna 
whose pattern is asymmetrical and rotates 
with frequency or which yields data as 
shown above, is simply not frequency-inde- 
pendent (with or without quotes). 

To continue to describe the equiangular 
spiral antenna as_ frequency-independent 
may not lead to erroneous conclusions, but 
will consistently and continually lead to 
confusion. 

R. BAWER 

Radiation System Ine. 
Alexandria, Va. 

J. I. WOLFE 

Aero Geo Astro Corp. 
Alexandria, Va. 


9R. Bawer and J. J. Wolfe, “The spiral antenna,” 
1960 IRE INTERNATIONAL CONVENTION RECORD, pt. 
1, pp. 84-95; 


Correspondence 


A Further Note on the Equiangular 
and Archimedes Spiral Antennas 


The intent of the original note was to 
point out basic differences between the two 
types of spiral antennas and that, although 
they have many similar characteristics, 
conclusions reached about one of the types 
do not necessarily apply to the other. 

In regard to the “rebuttal” by Bawer and 
Wolfe to the note, we would like to make 
only four short comments: 


1) The pattern rotation of the equiangu- 
lar spiral antenna has been ade- 
quately covered in paragraph two and 
in our references.24~§ In fact, the 
graph which Bawer and Wolfe repro- 
duce as Fig. 7 was originally chosen 
and published’ to point out this fact. 


2) On the plane or on the cone the angle 
a, the angle between the position 
vector and a tangent to the curve, isa 
constant parameter for the equiangu- 
lar spiral and a changing parameter 
for the Archimedes spiral. 


3) The objection to the use of the term 
“frequency independent” as applying 
to any physical structure has some 
merit. However the logarithmic (7.e., 


4) 
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equiangular) spiral antennas are cer- 
tainly in a class apart from the struc- 
tures normally associated with the 
term broad band as it has been used 
over the years. Further, the conical 
logarithmic spiral has many charac- 
teristics which are essentially fre- 
quency independent over bandwidths 
which are limited only by practicality 
of construction and not by any basic 
parameter of the spiral. 

A new term is required which con- 
veys the idea that the bandwidth, 
over which pattern and impedance 
characteristics of an antenna are es- 
sentially constant, is theoretically 
unlimited. We, and others, have been 
using the term “frequency-independ- 
ent” in this sense for several years. 
Perhaps this question of terminology 
should be decided by an IRE Stand- 
ards Committee. 

Bawer and Wolfe need not have felt 

that they must defend the Archi- 

medes spiral antenna. As we indicated 

in the final paragraph of our original 

note, it is an excellent antenna for 
many applications. 

P. E. MAvEs 

J. D. Dyson 

University of Illinois 

Urbana, IIl. 
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at the Naval Re- 
search Laboratory, 
Washington, D. C., 
he returned to gradu- 
ate studies at Stanford University, Stanford, 
Calif., where he was first a Sperry Fellow 
and then an RCA Fellow in electronics. He 
received the Ph.D. degree from Stanford in 
1954, and was then employed as a research 
associate by the General Electric Microwave 
Laboratory there. 

Until recently, he was an associate pro- 
fessor of electrical engineering at Stanford 
University and a senior staff member of the 
Stanford Electronics Laboratories. He also 
served as a consultant for the Zenith Radio 
Corporation, Philco Corporation, and Dia- 
mond Ordnance Fuze Laboratory. Early in 
1960, he joined the Raytheon Company, 
Spencer Laboratory, Burlington, Mass., as 
associate director of engineering for general 
research. 

Dr. Wade received an Eta Kappa Nu 
Award for “Outstanding Young Electrical 
Engineer” in 1955 and a National Elec- 
tronics Conference Annual Award in 1959. 
He is a member of the American Physical 
Society, Phi Kappa Phi, Tau Beta Pi, Eta 
Kappa Nu, and Sigma Xi. 
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PGMTT National Symposium 


SHERATON Park Horet, Wasuincton, D.C., May 15-17, 1961 


Monday Morning 


8:00 A.M. 


Registration 


10:15 A.M. 


Opening Address—Robert O. Stone, Sym- 
posium Chairman. 


10:20 A.M. 


Keynote Address—Andre G. Clavier, 
Retired, International Telephone and 
Telegraph Labs., Nutley, N. J. 


10:45 A.M. Session I—Millimeter Waves 


Chatrman—Robert O. Stone, National 
Bureau of Standards, Washington, 
Duc. 


10:45 a.m. 


“Quasi-Optical, Surface-Waveguide, and 
Other Components for the 100 to 300 
KMC Region,” F. Sobel and J. C. 
Wiltse, Electronic Communications, 
Inc., Timonium, Md. 

Analytical and experimental studies 
were performed to evaluate various com- 
ponents and techniques from 100 to 300 
kMc. Phase-corrected Fresnel zone plates 
were studied in detail; some properties 
and applications of these plates are pre- 
sented. 


11:10 a.m. 


“A Millimeter Wave Fabry-Perot Maser,” 
W. Culshaw and R. C. Mockler, Na- 
tional Bureau of Standards, Boulder, 
Colo. 

The characteristics and design con- 
siderations for the use of a Fabry-Perot 
resonator as part of a maser are presented. 
State-selection problems and the mini- 
mum number of molecules required for 
maser oscillation and amplification are 
discussed. 


£1235 A.M. 


“Broadband Isolators and Variable At- 
tenuators for Millimeter Frequencies,” 
C. E. Barnes, Bell Telephone Labs., 
Murray Hill, N. J. 

Faraday rotators with rotation inde- 
pendent of frequency in a band greater 
than 20 per cent centered at 55 kMc have 
been developed. Broadband isolators and 
variable attenuators have been designed 
using these rotators. 


Monday Afternoon 
:00 P.M. Session II—Parametric Devices 


Chairman—W. W. Mumford, Bell Tele- 
phone Labs., Whippany, N. J. 

700 P.M. 

“Transmission Phase Relations of Four- 
Frequency Parametric Devices,” D. B. 
Anderson and J. C. Aukland, North 
American Aviation, Anaheim, Calif. 
The transmission phase properties of 

parametric amplifiers are discussed. This 

matter is of extreme importance in angu- 
lar detection systems, such as monopulse 
radars and interferometers, which use 


parallel signal channels. The analysis fol- 
lows the matrix representation of a non- 
linear capacitive reactance, four-fre- 
quency device and is comprehensive in its 
covering of the various types of para- 
metric amplifiers. 

“A Traveling-Wave Parametric Ampli- 
fier,” T. H. Lee, Lockheed Aircraft 
Corporation, Sunnyvale, Calif. 

This paper presents an analysis of a 
broad-band traveling-wave parametricam- 
plifier in which the variable capacitance 
diodes are connected in series with the 
signal line rather than in shunt, resulting 
in a structurally and operationally sim- 
pler amplifier. 

“An Electronically Tuneable Traveling- 
Wave Parametric Amplifier,” R. C. 
Honey, Stanford Research Inst., Menlo 
Park, Calif: 

This paper discusses a TW parametric 
amplifier incorporating several novel 
features which enable it to amplify in a 
narrow band that can be electronically 
tuned over a very wide frequency range 
by changing the pump frequency. A theo- 
retical analysis and a graphical design 
technique is presented. A completed ver- 
sion with selected pill varactors which is 
capable of being tuned from very low 
frequencies to 2.25 kMc is also discussed. 


215 P.M. 


“Practical Design and Performance of 
Nearly Optimum, Wideband, Degen- 
erate Parametric Amplifiers,” M. Gil- 
den and G. L. Matthaei, Stanford Re- 
search Inst., Menlo Park, Calif. 

The nearly optimum, wideband _ per- 
formance of a single diode, degenerate 
parametric amplifier is obtained by using 
a series-resonated diode (rather than 
shunt) in an almost lumped constant net- 
work, and a separate pump resonator 
which is very lightly coupled to the diode 
and signal circuits. At 1 kMc, the ampli- 
fier offers 15 db midband gain, 1 db 
double channel noise figure and 20 per cent 
bandwidth for the two-resonator type 
compared to 8 per cent using one reso- 
nator. 

“Design Theory of Up-Converters for 
Use as Electronically Tuneable Filters,” 
G. Matthaei, Stanford Research Inst., 
Menlo Park, Calif. 

The single diode, upper or lower side- 
band up-converters discussed use a wide- 
band filter at the signal port, a moderately 
wide-band filter at the pump port, and a 
narrow-band filter at the sideband output 
port, which permit selection of the input 
signal frequency by varying the pump 
frequency. 

“Passive Phase-Distortionless Parametric 
Limiters,” I. T. Ho and A. E. Siegman, 
Stanford University, Stanford, Calif. 
This paper presents the theoretical 

analysis and experimental results of a 


parametric limiter at S-band under CW or 
pulsed excitation. Theoretical expressions 
for the limiting threshold, bandwidth and 
dynamic range in terms of varactor diode 
characteristics are compared with experi- 
mental results. 


Monday Evening 


7:30 P.M. 


“The Business of Inventing,” Jacob 
Rabinow, President, Rabinow Engi- 
neering Co., Washington, D. C. 


Tuesday Morning 


9:00 A.M. Session I]J—Ferrites 


Chairman, Frank Reggia, Diamond Ord- 
nance Fuze Lab., Washington, D. C. 


9:00 A.M. 


“Field Displacement Devices,” G. J. 
Wheeler, Sylvania Electric Products, 
Mountain View, Calif. 

The field displacement effect in a ferrite- 
loaded waveguide has been utilized to ob- 
tain an absorption modulator for high- 
speed switching or amplitude modulation 
of microwave energy. This ferrite modu- 
lator, when used as a microwave switch, 
is capable of high isolation and low inser- 
tion loss with small magnetic control 


fields. 


9:25 A.M. 


“A Field Displacement Isolator at 57 
KMC,” C. E. Fay and E. F. Kankow- 
ski, Bell Telephone Labs., Murray Hill, 
Ne Je 
This paper describes a field displace- 

ment isolator which makes use of oriented 

barium ferrite with a very high aniso- 
tropic field to considerably reduce the 
high field requirements of isolators at 
millimeter wavelengths. This isolator has 
an insertion loss of approximately 1 db 
in the forward direction and an isolation 
of 60 db in the reverse direction over the 
56 to 58 kMc frequency range. 


9:50 A.M. 


“Solid State X-band Power Limiter,” 
W. F. Krupke, T. S. Hartwick, and 
M. T. Weiss, Hughes Aircraft Co., 
Culver City, Calif. 

This paper describes recent ferrite lim- 
iter results and reports on a new limiter 
concept which makes use of a reflection- 
type diode limiter and a ferrite limiter in 
tandem. These ferrite-diode combination 
limiters, which have an operation band- 
width of 700 Mc at X-band, have been 
successfully operated in the medium 
power range. 

10:30 A.M. 

“Frequency Doubling with Planar Fer- 
rites and Isotropic Ferrites with Large 
Saturation Magnetizations,” I. Bady, 
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USASC Research and Development 

Lab., Ft. Monmouth, N. J. 

Experiments conducted with long thin 
ferrite slabs in rectangular waveguide 
show that planar ferrites are more effi- 
cient for frequency doubling than iso- 
tropic ferrites. This efficiency is increased 
further by making use of a traveling ring 
circuit. The fundamental frequencies used 
for the experiments ranged from 8500 Mc 
to 9400 Mc. 

10:55 A.M. 

“Octave Bandwidth UHF/Z-Band Cir- 
culator,” F. Arams, B. Kaplan, and B. 
Peyton, Airborne Instruments Lab., 
Melville, L. I., N. Y. 

A broad-band four-port phase-shift- 
type circulator for the UHF/Z-band has 
been developed which makes use of an 
aluminum-substituted —yttrium-iron-gar- 
net with a low saturation magnetization. 
This circulator has an insertion loss of 1 
db or less, a minimum isolation of 20 db 
and an input VSWR of approximately 
1.15 over the 665 Mc to 1320 Mc fre- 
quency range. 

11:20 A.M. 

“A New Balanced Type Ferrite Switch,” 
T. Kuroda and A. Cho, Nippon Elec- 
tric, Tokyo, Japan. 

This paper describes a reactive micro- 
wave switch which makes use of a longi- 
tudinally-magnetized ferrite rod in a 
modified rectangular waveguide system. 
Two of these reactive ferrite devices are 
then used in conjunction with two hybrid 
junctions to obtain a balanced type micro- 
wave switch which makes use of non- 
critical control field and is insensitive to 
changes in temperature. 


Tuesday Afternoon 


2:00 P.M. Session IV—High Power Micro- 
wave Techniques Panel 


Chairman, Clarence Jones, Massachusetts 
Institute of Technology, Cambridge, 
Mass. 

“Spurious Outputs from High Power 
Microwave Tubes and Their Control,” 
K. Tomiyasu, General Electric Com- 
pany, Schenectady, N. Y. 

“Windows,” D. B. Churchill, Sperry 
Gyroscope Co., Great Neck, L. I., 
INE) 


“High Power Duplexers,” E. Muehe, 
Mass. Inst. Tech., Lincoln Laborato- 
ries, Lexington, Mass. 


Panel Members 


C. R. Beitz, Cornell Aeronautical Lab., 
Buffalo, Nv Ye 

J. B. Griemsman, Polytechnic Institute 
of Brooklyn, Brooklyn, N. Y. 

L. Gould, Microwave Associates, Burling- 
ton, Mass. 


2:00 P.M. Session V—Low-Noise Micro- 
wave Amplifiers 


Chairman, G. Wade, Raytheon Company, 
Burlington, Mass. 

“Traveling Wave Tubes,” D. A. Watkins, 
Stanford University, Stanford, Calif. 

“Parametric Amplifiers,” R. D. Weglein, 
Hughes Aircraft Co., Malibu, Calif. 
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“Masers,” H. E. D. Scovil, Bell Tele- 
phone Labs., Murray Hill, N. J. 


Panel Members 


K. K. N. Chang, RCA Labs., Princeton, 
ING 

J. W. Meyer, Mass. Inst. Tech., Cam- 
bridge, Mass. 

J. Weber, University of Maryland, Col- 
lege Park, Md. 


Tuesday Evening 


:00 p.M. Banquet 


Speaker, Dr. John R. Pierce, Director of 
Research, Communications Principles, 
Bell Telephone Labs., Murray Hill, 
ING Je 


Wednesday Morning 


:00 A.M. Session VI—Plasma 


Chairman, N. Marcuvitz, Polytechnic 
Institute of Brooklyn, Brooklyn, N. Y. 


:00 A.M. 


“Microwave Instrumentation for Plasma 
Research,” E. G. Schwartz and H. H. 
Grimm, General Electric Co., Syra- 
cuse, N. Y. 

Instrumentation has been developed 
to make extensive microwave measure- 
ments on shock introduced plasmas, each 
of which exists for a small number of 
milliseconds. The equipment operates at 
two frequencies, one near 8 kMc and the 
other near 60 kMc. All the components 
are capable of withstanding 100 kw peak 
power levels at 8 kMc. 


225 A.M. 


“Precision Measurements of Plasma Af- 
terglows,” E. H. Holt, K. C. Stotz, and 
S. Pike, Rensselaer Polytechnic Inst., 
Troyes New: 

The general problem of plasma study 
becomes simplified by the removal of any 
energy input. The plasma “decays” by 
processes of radiation and various types 
of particle interactions. The paper de- 
scribes a scheme to determine two to three 
orders of magnitude change in the plasma 
density by detection of very small rap- 
idly changing phase shifts. 


250 A.M. 


“Electromagnetic Properties of Weakly 
Ionized Argon” F. L. Tevelow and 
H. D. Curchack, Diamond Ordnance 
Fuze Lab., Washington, D. C. 
Electromagnetic properties of weakly 

ionized argon are determined by approxi- 

mating that the gas is a dielectric slab in- 
closed in a waveguide. The measurements 
are made in a shock tube at 10 kMc and 
are time resolved with total test time less 
than 300 microseconds. Curves of elec- 
tron density, complex propagation con- 
stant and reflection coefficient are given 
as a function of distance behind a shock 
front for shock Mach numbers 7 to 9. 


10:30 a.m. 


“The Radiation Field and Q of a Reso- 
nant Cylindrical Plasma Column,” W.D. 
Hershberger, University of California 
at Los Angeles, Calif. 


March 


A cylindrical plasma column placed 
across a waveguide or situated in free 
space in such a fashion that the electric 
field of an incoming wave is perpendicular 
to the axis of the column displays a series 
of resonant responses constituting a re- 
flection and absorption spectrum. The 
paper discusses the electromagnetic field 
associated with the assumed electronic 
motion for the principal member of the 
spectrum and the factors which determine 
the width of the resonant response of this 
member. 


10:55 A.M. 


“A Plasma Guide Microwave Selective 
Coupler,” W. H. Steier and I. Kauf- 
man, Space Technology Lab., Canoga 
Rank. Calli: 

A selective plasma guide coupler is de- 
scribed. The coupling of plasma guide 
coupler can be continuously varied from 
less than —40 db to 8.5 db and it is be- 
lieved that maximum coupling can be in- 
creased still further. Pulse power levels of 
greater than 100 watts at X-band can be 
handled. 


Wednesday Afternoon 


:30 P.M. Session VII—System and Re- 


ceiver Noise Performance Clinic 


Chairman, Herman Haus, Mass. Inst. 
Tech., Cambridge, Mass. 


Speakers 


“Measurement of System and Receiver 
Performance,” R. S. Engelbrecht, Bell 
Telephone Labs., Whippany, N. J. 

The concept of operating noise temper- 
ature is employed in order to compare the 
noise performance of various receiving 
systems in terms of their environment 
(sky noise, etc.), component characteris- 
tics (noise figure, effective input noise 
temperature, gain, bandwidth, etc.), and 
intended use (one or two channel, radar 
or radiometry, etc.). 

“Some Typical Examples,” Robert Adler, 
Zenith Radio Corporation, Chicago, 
Ill. 

Parametric amplifiers accept signal and 
noise inputs on more than one channel. 
To evaluate their weak-signal perform- 
ance in a given installation we must know 
not only about the amplifier itself but also 
about the antenna system and the type of 
signal. The last two factors have sur- 
prisingly large effects and may swing the 
balance in favor of one or another type of 
amplifier. This is illustrated by practical 
examples. 

“Commentary on Methods of Measure- 
ments,” M. T. Lebenbaum, Airborne 
Instruments Lab., Melville, L. I., 
INE} YS 
The general methods of noise figure 

measurement will be briefly reviewed. 
The special problems introduced by the 
peculiarities of negative resistance de- 
vices are emphasized, and some precau- 
tions suggested. Hot and cold body loads 
for measurement of very low noise tem- 
perature systems are described. 
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